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TABLE 2 
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Geometric To;al P.norcxi .. v211 C P ?  Vnn i t ing 
Mean Dose (r)  Cases Yes YPS 2 Yes % 
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Onset ef h ~ c r e v i a  
A l l  Cases 

Treatment 
Day 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
1 4  
15 
16  
18 
2 1  
22 
26  
29 
30 
40 
49 

N 

34 6 
1 9 1  
155 
1 2 8  
115 
106 

95 
87 
7 7  
69 
58 
55 
52 
44 
43 
4 1  
34 
2 7  
24 
2 1  
1 2  

8 
6 
1 

- R 

155 
36 
27 
13 

1: 
7 
5 
2 
9 
3 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 

- 

a 

- 

W - A t  r i s k  

346  . b 4 8 n  
1 9 1  ,1885  
155  . 1742  
128 * 1016 
114.5 . M 9 Q  
l C E ?  9 ' P 3 Q  L I  

9 4 . 5  , 0 7 4 1  
84.5 ,0592 
7 :  .027r3 
68 , 1 3 7 , A  
58  .0517 
53.5 .0367 
4 9  ' 04C8 
44  .0327 
43  .0465  
38 . 0 2 6 3  
31.5 .0635 
26 * 0385  
2 3 . 5  .OS51 
17 .0583 
11 .1818 
7.5 .1333 
4 ,2500 

1 -P - 
L 5520 
* 9115 
.a258 
, 9 9 8 4  
, 9 3 3 1  
. n s K ?  
, 9 2 5 9  
. 9 4 0 3  
, 9 7 3 0  
.86?6  
. 9 4 8 3  
, 3 6 3 3  
, 9 5 9 2  
, 9773  
I9535 
* 973: 
.9365 
,9615 
.914? 
, 9 4 1 2  
8192 

, 8667  
, 7 5 Q ?  

5570 
.4480 
, 3699  
, 3 3 2 4  
# 3n91 
, 2 7 7 1  
, 2 5 6 5  
* 1 h 1 4  
.234!3 
. 2038  
.1932 
, 1861  
,1785  
* 1 7 4 5  
, 1 6 5 4  
,1629 
,151? 
,1459  
* 1 3 3 4  
,1356 
,1028 
. 0 8 9 1  
,3""9 - 

rltr P I ? )  

. 4480  
, 5 5 2 0  
.6301 
. 6 6 7 6  
a6909 
.7229  
. 7 4 3 5  
. 7586  
, 7 6 5 2  
. 7 9 6 2  
, 8 0 6 8  
I) 8139  
. a21  5 
, 8 2 5 5  
.E3336 
. P380  
, 8 4 8 3  
.85A 1 
, 8 6 6 6  
* 87LA 
, 9 9 7 1  
9109 
,423'' 

-_LA 



23 



14 

1 0 2 9 1 4 1  

, 

F i g .  1 



a 

a 

a 

- 
X 
lAl 

0 z 

lL 
0 
I- 
LL) 
m z 
0 

F i g .  2 



26 



F i g .  3 



c- 

a 

a 

W 
cn 
3 

z 
L 
0 

i- 
t3 
cn 
z 
0 

F i g .  4 



F i g .  5 



F i g .  6 



31 

B-le-at B 
= a9t 

(t> 
f 

B 
- a t  

e 



32 



I 

I 

v, 

0 
G 

3 
N 

0 - 

3 

F i g .  7 



1 0 2 9 1 5 1  
F i g .  8 



i 



36 

. 

\ 

cond i t iona l  p r o b a b i l i t y  of responding f o r  t h e  second time a l s o  

decreases with time. 

n m b e r ,  e i t h e r  first,  second, o r  nth.  

I n  gene ra l ,  t h i s  is t r u e  f o r  any response 

The o v e r a l l  p a t t e r n  of responses i n  a populat ion r ece iv ing  

r a d i a t i o n  therapy is  shown i n  Fig. 10, where t h e  cond i t iona l  

p r o b a b i l i t i e s  of responding f o r  t h e  f i r s t ,  second, o r  n t h  t ime have 

been summated f o r  each day, weighing those cond i t iona l  p r o b a b i l i t i e s  

by t h e  re la t ive number of people t h a t  a t  any one day are responding 

f o r  t h e  f i r s t ,  second, o r  n t h  time. Figure 10  shows t h a t  t h e  

o v e r a l l  p r o b a b i l i t y  of response decreases  l i t t l e  wi th  time. 

is  no t  i n  con t r ad ic t ion  w i t h  t h e  earlier conclusion t h a t  a p a t i e n t ' s  

r i s k  of manifest ing a response s t e a d i l y  decreases  w i t h  time. 

is t r u e  so long as w e  consider  a c e r t a i n  response number ( f i r s t ,  

second, n t h )  by i t s e l f .  However, w i t h  t h e  passage of time, p a t i e n t s  

are exposed t o  new r i s k s  which inc rease  t h e  o v e r a l l  p r o b a b i l i t y  of 

responding. 

does no t  begin u n t i l  t h e  1 0 t h  treatment day and only f o r  t h o s e  who 

have vomited d a i l y  f o r  t h e  p a s t  9 days. For t h e s e  p a t i e n t s  t h e  r i s k  

of vomiting again is very g r e a t ,  al though o v e r a l l  t h i s  is  an uncommon 

occurrence. To pu t  i t  another  way, a f t e r  a few days of r a d i a t i o n  

t reatments ,  almost a l l  t h e  p a t i e n t s  who vomit c o n s i s t  of a r a t h e r  

small population of p a t i e n t s  who have vomited several times ear l ier  

and who have high r i s k s  of vomiting again. 

This 

That 

For in s t ance ,  t h e  r i s k  of vomiting f o r  t h e  1 0 t h  time 

The r e s u l t s  of t hese  s t u d i e s  on prodromal responses were in- 

c o r p o r a t e d w i t h i n t h e  t e x t  of RadiobioZogical Factors i n  Manned Space 

Flight of which Wright Langham (2)  w a s  t h e  e d i t o r  and are discussed 
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at  l eng th  i n  Chapter X, Human Radiation Tolerance ( 3 ) .  

2. Acute hematopoietic damage 

We have attempted t o  make q u a n t i t a t i v e  analyses  of t h e  

radiation-induced hematologic responses of p a t i e n t s  who received 

total-body i r r a d i a t i o n  a t  some time during t h e  course of therapy 

f o r  n e o p l a s t i c  diseases .  Our r e s u l t s  have no t  y e t  been any more 

q u a n t i t a t i v e  o r  less n a r r a t i v e  than those  of numerous o t h e r  investi- 

g a t o r s  working on t h i s  problem. The need f o r  q u a n t i t a t i n g  t h e s e  

e f f e c t s  does not  stem from any immediate c l i n i c a l  problems since 

a v a i l a b l e  d e s c r i p t i o n s  of t h e  time-course of radiation-induced 

hematologic events a f f o r d  abundant information t o  a i d  i n  the medical 

management of any p a t i e n t  i r r a d i a t e d  e i t h e r  a c c i d e n t a l l y  or thera- 

p e u t i c a l l y .  Quan t i t a t ive  formulae are needed, however, t o  h e l p  

p r e d i c t ,  wi th  some known level of p rec i s ion ,  how hematologic damage 

may be  caused by chronic  lowdose- ra te  exposures of nornalmen.  

We c o l l e c t e d  t h e  c l i n i c a l  case h i s t o r i e s  of 2310 p a t i e n t s  

from h o s p i t a l s  i n  t h e  United S t a t e s  and Canada, encoded t h e s e  records 

f o r  manipulation and programmed retr ieval  by computer, graphed t h e  

t h e - c o u r s e  of t h e  changes i n  p e r i p h e r a l  blood ce l l  counts a f te r  

each TBI and determined t h e  percent  s u r v i v a l  of leukocytes and 

p l a t e l e t s  a f t e r  s p e c i f i c  s i n g l e  and m u l t i p l e  r a d i a t i o n  exposures. 

Our e f f o r t s  concentrated on studying only the  most complete 

hematologic records,  c u l l i n g  ou t  t hose  having u n c e r t a i n t i e s  about 

exposure ( t o t a l  roentgens,  f r a c t i o n a l  doses,  t o t a l  treatment time, 

i n t e r v a l s  between exposures, etc.) and with blood s t u d i e s  i n s u f f i c i e n t  
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t o  determine t h e  n a d i r  of pe r iphe ra l  blood cel l  va lues  and i t s  

time of occurrence. 

done a t  weekly i n t e r v a l s  f o r  6 weeks are needed t o  estimate t h e  

percent s u r v i v a l  of most blood cells a f t e r  an exposure, t o  b e  c e r t a i n  

t h a t  a t r u e  nad i r  w a s  observed. 

a f fo rd  hematologic da t a  t h a t  were not  biased heavi ly  by t h e i r  

We found t h a t  a t  least seven blood c e l l  counts 

Many p a t i e n t s  were too ill t o  

d i seases  and te rmina l  i n fec t ions ;  t hese  were I d e n t i f i e d  by these 

d a t a  searches and el iminated.  

c l i n i c a l  and labora tory  evidence t h a t  def ined t h e  d iagnos is  i n  order  

t o  group toge ther  only p a t i e n t s  wi th  t h e  same disease .  Only f o u r  

genera l  d i sease  ca t egor i e s  were found t h a t  contained s u f f i c i e n t l y  

numerous p a t i e n t s  who had rece ived  s i n g l e  o r  m u l t i p l e  exposures t o  

form groups f o r  study. 

not  included s i n c e  t h e  responses might be  inf luenced by t h e  previous 

i r r a d i a t i o n s .  

1085 i n  our da t a  bank were reduced t o  only 151; t h e  1225 mul t ip le -  

exposure cases t o  395. 

material divided i n t o  t h e  four  hematologic-disease groups and 

according t o  s i n g l e  and m u l t i p l e  types of exposures. 

doses and t h e  exposure dura t ion  of t h e  m u l t i p l e  exposures are shown 

f o r  each d i agnos t i c  group. 

group was a fundamental need of t h i s  problem. 

normalgroup,  however, were not  a c t u a l l y  normal but  e i t h e r  had 

disseminated s o l i d  (but not  hematologic) tumors o r  were i n  la te  

s t ages  of nonmalignant d i seases  of t he  bone, j o i n t s ,  and t h e  

geni tour inary  system. 

p o i e t i c  abnormal i t ies  t h e  p a t i e n t s  i n  t h i s  group were considered t o  

I n  add i t ion ,  w e  evaluated t h e  

Second and t h i r d  series of exposure were 

I n  these  ways t h e  single-exposure cases t h a t  t o t a l  

Table 6 showsathe composition of t h i s  s tudy  

The average 

The i s o l a t i o n  of a so-called "normal" 

The p a t i e n t s  i n  t h i s  

However, i n  t h e  absence of recorded hemato- 



TABLE 6 

Average 
Number of Average Length of 

Group Single Multiple Single Multiple Exposures 
Diagnostic Patient Studies Total Exposures Multiple 

( / I )  (R) (Days) 

"Normal" 92 29 195 232 27 

Chronic 
myelogenous leukemia 15 116 11 7 152 28 

Chronic 
lymphatic leukemia 28 200 * 116 36 

Lymphosarcoma 1 6  50 108 217 31 

*Incomplete 
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have "normal" (nonleukemic) marrow and lymphatic systems. The 

presence i n  t h i s  "normal" group of s e r i o u s  systemic d i s e a s e s ,  even 

though not  pr imar i ly  hematologic, makes our  apparent  assumption of 

t h e  ex is tence  of completely normal pe r iphe ra l  blood-cel l  kinetics 

unquestionably naive.  The impl ica t ion  should no t  be accepted 

unequivocally t h a t  t h e  mathematical  d e s c r i p t i o n  of t h e  response 

p a t t e r n  of t h i s  "normal" group can be used t o  d e s c r i b e  e x a c t l y  t h a t  

or  normal young men i n  the  prime of l i f e .  It is d i f f i c u l t ,  however, 

t o  be l i eve  t h a t  normal young men would respond worse than t h i s  group 

d id  r a t h e r  than b e t t e r .  

I n  t h e  f i r s t  s t e p  of t h e  s ta t is t ical  ana lyses  of t h i s  d a t a ,  

we chose t o  ignore  t h e  in f luence  of t h e  number of f r a c t i o n s  of 

exposure, f o r  t h e  time being, t o  s impl i fy  our confirming t h e  appl i -  

c a b i l i t y  of mul t iva r i an t  a n a l y s i s  t o  t h i s  problem. Accordingly, we 

related t h e  ind iv idua l  nad i r  ( X S )  of t h e  t o t a l  leukocyte  counts  

(expressed as percent  of t he  i n i t i a l  t o t a l  t h a t  survived)  w i t h  t h e  

t o t a l  exposure i n  R and t h e  t o t a l  t ime (days) requi red  f o r  t h e  t o t a l  

exposure t o  be made. 

v a r i e n t  r eg res s ion  formula were computed f i r s t  fo r  t h e  s i n g l e  

Slope cons tan ts  (bl) and (b2) f o r  a mul t i -  

exposures and then f o r  t h e  m u l t i p l e  exposures f o r  each d i s e a s e  

group. No r a d i a t i o n  dosage groupings wi th in  these  four  d i a g n o s t i c  

groups were needed wi th  t h i s  method of computation and f i t t i n g  t h e  

regress ion .  I n  t h e  equat ion 

XS = 100 (D) lbl . (T) b3 ..............( 3) 

K i s  t h e  cons tan t  requi red  f o r  t h e  r eg res s ion  l i n e  f o r  percent  

s u r v i v a l  t o  i n t e r c e p t  t h e  o r d i n a t e  a t  zero dose. This  i n t e r c e p t i o n  

IO291 b 4  
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poin t  is g r e a t e r  than 100% of i n i t i a l  WBC s u r v i v a l  because no 

e f f e c t  was observed on c e l l  s u r v i v a l  a f t e r  exposures of less than 

50 R; D is exposure i n  roentgens; T is t o t a l  l ength  of exposure 

time i n  whole days; F is  the  number of f r a c t i o n a l  exposures made. 

For t h e  purpose of t h i s  i n i t i a l  a n a l y s i s  t h e  v a r i a b l e  F was n o t  

used. In  s i n g l e  exposures, T by d e f i n i t i o n  is ignored and t h e  

equation becomes 

For exposures 

defined here)  

K 100 Tb2 
(D) %S = 

longer than  one day (as mul t ip l e  exposures are 

t h e  equat ion is then 

K 100 Tb2 
(D) %S = 

(4) 

( 5 )  

The computed s lope  cons tan ts  f o r  t h e  fou r  d i agnos t i c  types 

of hematologic s t a t u s e s  analyzed he re  are l i s t e d  i n  Table 7 along 

with t h e  test va lues  f o r  t h e  s ign i f i cance  of t h e  f i r s t  of t h e  da t a  

t o  t h e  equat ions 4 and 5 .  

’ 

These r e s u l t s  seemed encouraging. They showed t h a t  t h i s  

method of ana lys i s  is app l i cab le  t o  our problem and t h a t  t h e  da t a  

were s t a t i s t i c a l l y  w e l l  descr ibed by t h e  equat ions.  

regress ion  c o r r e l a t i o n  c o e f f i c i e n t s  were except iona l ly  good f o r  

analyses  of c l i n i c a l  da t a .  

appear t o  have i n t e r e s t i n g  b i o l o g i c a l  impl ica t ions  t h a t  are medically 

l o g i c a l  and acceptable .  For example, i n  Table 7 t h e  n e g a t i v i t y  of bl 

i n d i c a t e s  t h a t  as dose inc reases  the  percent  s u r v i v a l  by pe r iphe ra l  

WBC decreases.  

1.0 may Ind ica t e  t h a t  in t h e  leukocyt ic  systems d i f f e rence  i n  

These mul t ip l e  

The va lues  f o r  t h e  s lope  cons tan ts  

The correspondence of t h i s  va lue  f o r  each group t o  



TABLE 7 

Slope Constants and Tests of the Statistical 
Significance of the Models 

Single Exposures Multiple Exposures 
Diagnostic Correlation Correlation P 

Group bl Coefficients b2 Coefficients Value 

"Normal" 1.04 0.57 0.63 0.535 <O. 025 

CML 0.999 0.82 0.392 0.569 <0.0001 

CLL 0.91? - 0.221 0.583 <o. 0001 

0.42 0.231 0.567 <O. 0005 LS 1.119 

1 0 2 9  I b b  
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r a d i o s e n s i t i v i t y  i s  not  a s i g n i f i c a n t  f a c t o r .  

su rp r i s ing  i n  view of t h e  widely-held c l inical  b e l i e f  t h a t  t h e  

leukocytes i n  chronic  lymphocytic leukemia, f o r  example, are much 

more r a d i o s e n s i t i v e  than t h e  cells comprising t h e  WBC i n  chronic  

granulocyt ic  leukemia o r  i n  "normal" persons.  

devia t ion  from c l i n i c a l  "fact ,"  however, can be explained by the  

This r e s u l t  is  

This apparent 

s i g n i f i c a n t  d i f f e rences  found i n  t h e  va lues  of b2. 

p o s i t i v e  s lope  cons tan t  is, t h e  more e f f e c t i v e  is t h e  l eng th  of 

p ro t r ac t ion  of exposure i n  increas ing  t h e  level of cellular surv iva l ;  

according t o  these  va lues ,  i n  t h e  "normal" t h e  whi te  blood cel l  

level is protec ted  by dose p r o t r a c t i o n  three-fold over t h a t  afforded 

t o  i t  i n  CLL and lymphosarcoma. 

p r o t r a c t i o n  i n  t h e  lat ter groups should no t  decrease t h e  e f f ec t ive -  

ness  of t h e  t o t a l  dose as much as i n  t h e  "normal" group o r  i n  the  

The l a r g e r  t h i s  

According t o  t h i s  a n a l y s i s ,  dose 

CGL group. 

c l i n i c a l  observat ions and suggest,  i n  keeping wi th  experimental  

observations,  t h a t  dose p ro t r ac t ion  a i d s  normal t i s s u e  t o  recover  

and regenera te  more r ap id ly  than pathologic  t i s s u e s .  

is, i n  f a c t ,  t h e  r a t i o n a l e  f o r  f r a c t i o n a t i o n  and p r o t r a c t i o n  of 

r a d i a t i o n  therapy of malignant t i s sues .  

d i f f e rences  i n  WBC s u r v i v a l  a f t e r  t h e  same r a d i a t i o n  exposure 

r e s u l t  more from d i f f e rence  e f f i c i e n c i e s  of recovery mechanisms 

than they do from i n a t e l y  d i f f e r e n t  c e l l u l a r  r a d i o s e n s i t i v i t i e s  i n  

these d iseases .  

These i n t e r p r e t a t i o n s  a r e  i n  agreement with most 

This concept 

C l i n i c a l l y  obsenred 



CHAPTER I V  

PROSPECTIVE STUDIES 

A. I r r a d i a t i o n  F a c i l i t i e s  and Dosimetry 

During the  ope ra t ion  of a c l i n i c a l / m e d i c a l  f a c i l i t y  f o r  t h e  care 

and t reatment  of p a t i e n t s  wi th  leukemia, lymphoma, and r e l a t e d  d i s o r d e r s  

t h e  Medical Divis ion of ORAU had operable  two total-body t h e r a p e u t i c  

i r r a d i a t i o n  f a c i l i t i e s .  

sources  i n i t i a l l y  capable of exposures ranging from 300 R/hr down t o  

1.8 R/hr. This  f a c i l i t y  w a s  gene ra l ly  operated a t  exposure rates of 

1.5 R/min (90 R/hr) f o r  t he rapeu t i c  i r r a d i a t i o n  and i s  i d e n t i f i e d  as METBI 

(Medium-Exposure-Rate Total-Body I r r a d i a t o r ) .  

cons is ted  of 10  cobalt-60 sources  geometr ica l ly  arranged so t o  produce an 

isodose l e v e l  of 1.5 R/hr anywhere wi th in  t h e  t reatment  room and i s  

i d e n t i f i e d  as LETBI (Low-Exposure-Rate Total-Body I r r a d i a t o r ) .  The t o t a l  

number of p a t i e n t s  treated i n  these  f a c i l i t i e s  i s  shown i n  Table 7a. 

1. METBI 

One, b u i l t  i n  1960, w a s  a room wi th  e i g h t  cesium-137 

Another, b u i l t  i n  1967, 

Figure 11 shows a cutaway model of t h e  total-body i r r a d i a t i o n  

A 2 x 2 x 6 f t  v i r t u a l  volume w a s  suspended over a bed by fou r  room. 

pos t s  t h a t  are out  of t h e  exposure f i e l d .  

s h e e t s  of 1/32  i n  aluminum separa ted  by approximately an inch and a ha l f  

of honeycomb cardboard. 

s t r e n g t h  necessary i n  a i r p l a n e  fuse l age  cons t ruc t ion  and has no sag  

when a p a t i e n t  i s  placed on t h e  bed. 

The bed w a s  made of two 

The material is usua l ly  used f o r  t h e  extreme 

The bed i s  s l i g h t l y  trough-shaped 

so t h a t  p a t i e n t s  cannot e a s i l y  r o l l  o f f .  

bed. 

p a t i e n t  l y ing  on t h e  bed can view t e l e v i s i o n .  

A nylon n e t  surrounded t h e  

A t e l e v i s i o n  set wi th  remote c o n t r o l s  was placed so t h a t  a 



TABLE 7a 

TBI TREATMENTS OF 50 R AND GREATER THROUGH 1974 

Exposure 

treatment acute (3 days/ 1 0 R  30 R 6 0 R  1 0 R  30 R 1 6 R  Totals 

METBI (1.5 R/min) LETBI I (1.5 R/hr) LETBI II (0.8/hr) 
per Single 10 R/&y 

(RX) exposures week) day day day day day b Y  

Chronic Lymphocytic Leukemia 15 
_ _  

2 . 27 

1 

7 
3q 31 

4 

Chronic Granulocytic Leukemia 8 
50 8 3 

11 
1 

100 4 
12 0 1 9 1 27 

2 
150 

250 

100 7 
150 
250 

100 1 
150 

Totals 

1 4 
50 15 
100 20 

1 
15 0 1 

1 12 0 

Lymphosarcoma and Lymphosarcoma Cell  Leukemia. 

31 i 
5 1* 1 
22 I+ 1 1 

50 
100 

250 

15 0 1 1 2 +  4q 5 

1 

3 60 
6 
1 

1s 

16 

1 
2 200 80 9 

Polycythemia Rubra V e r a  
14 5 1 2 1 .  14 4 

Idiopathic Thrombocythemia 1 2 

194 

5 

7 9 2 
82 5 2 27 3 7 60 8 

* Patient received 60 R 
t Patient received only 90 R 
9 One patient received only 140 R 
5 25 R/day 
11 One patient had lymphosarcoma cell leukemia 
1 Two Datients had lymphosarcoma cell  leukemia 
0 One iat ient  received only 222 R 
JOne patient received 230 R 

1 0 2 9 1  b4 
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The room is cons t ruc ted  o fpouredconc re t e ,  b u t  t h e  i n s i d e  w a l l  

is covened wi th  an a c o u s t i c  t i l e ,  which has  no e f f e c t  on t h e  r a d i a t i o n  

c h a r a c t e r i s t i c s .  The f l o o r  is of v i n y l  t i les.  Ven t i l a t ion  i s  arranged 

so t h a t  t h e  a i r  e n t e r s  through t h e  maze and leaves  through a v e n t i l a t o r  

funnel  on t h e  w a l l  opposi te .  

hea t e r s .  

a i r -condi t ioned co r r ido r .  Two steel ra i l s  a t  t h e  c e i l i n g  over t h e  

bed support  an instrument t r o l l y .  

a condui t  i n  t h e  c e i l i n g .  

apprec iab le  scatter from t h e  accessor ies .  

Heating is done wi th  electric w a l l  

I n  summer, a i r  is drawn through a louvered door from an 

The instrument cables  go through 

Prel iminary i n v e s t i g a t i o n s  showed no 

The bed i s  placed i n  t h e  cen te r  of an 8 f t  (p lus  en t ry )  c u b i c a l  

room. Eight t e l e the rapy  machines ( four  each s i d e  of t h e  therapy 

space, near  t h e  corners )  a l l  po in t  toward t h e  cen te r  of t h e  i r r a d i a t i o n  

volume. Each source  conta ins  500 0 .5  c of cesium-137. With a l l  

sources  "ON" t h e  exposure t o  the  2 x 2 x 6 f t  i r r a d i a t i o n  volume 

ranges from 308 t o  318 r / h r  without t he  f i n a l  f i l t e r  covers  i n  place.  

The exposure rate drops of f  slowly (about 8 r / h r )  a t  t h e  very head 

and f o o t  ends of t h e  bed but  more quickly o u t s i d e  t h e  i r r a d i a t i o n  

volume . 
The room i s  approached through a semisp i r a l  maze. 

of t h i s  maze is a wrought-iron g a t e  t h a t  must be  closed f o r  t h e  

machine t o  be turned on. 

t h e  machine. 

machine be fo re  he can r ece ive  a s i g n i f i c a n t  exposure. 

s u f f i c i e n t l y  wide f o r  p a t i e n t s '  beds t o  be wheeled through, bu t  

p a t i e n t s  are usua l ly  c a r r i e d  on a t r a v e l l i n g  c a r t .  

A t  t h e  end 

Openlng the  g a t e  au tomat ica l ly  shu t s  of f  

Any person going through t h e  g a t e  w i l l  shu t  off t h e  

The maze is 
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Each of t h e  sources  can be turned on s e p a r a t e l y  (Fig. 12).  

While t h i s  might be of va lue  i n  la ter  t reatment  problems, i t s  primary 

purpose was t o  a l low f o r  dosimetry t e s t i n g .  

were covered and the  only c o n t r o l  necessary f o r  t h e  c l i n i c i a n  is a 

c lock  and t h e  master c o n t r o l  but ton.  

These s e p a r a t e  c o n t r o l s  

METBI Doshetry.  Afte r  i n i t i a l  background experiments were 

concluded t h e  e i g h t  500 c I3’Cs sources  were loaded i n t o  t h e  s h i e l d s .  

One of t h e  design f e a t u r e s  of t h i s  i n s t a l l a t i o n  was  t o  t r y  f o r  as  

uniform an exposure f i e l d  t o  t h e  p a t i e n t  as poss ib l e .  Therefore,  t h e  

e i g h t  sources  were aimed t o  i r r a d i a t e  t h e  s u b j e c t  from many d i f f e r e n t  

angles ,  each ported t o  expose t h e  e n t i r e  bed length .  It was r e a l i z e d  

t h a t  s c a t t e r  of f  t h e  room walls and o t h e r  v a r i a b l e  f a c t o r s  might al ter 

t h e  des i red  uniformity,  and a series of measurements was undertaken t o  

i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  

po in t  1 2  c m  above the  bed cen te r  and w a s  moved toward each end i n  1 0  cm 

s t eps .  

end of the  bed. 

would allow an exposure of 444 r / h r  - a good d e a l  more than t h e  250 

r / h r  o r i g i n a l l y  thought poss ib le .  

The ion  chamber was  suspended a t  a 

The readings obtained are reproduced i n  i n t e n s i t y  toward each 

The m a x i m u m  rate of 7.4 r/min a t  t h e  bed c e n t e r  

With an excess of exposure rate a v a i l a b l e ,  t h e  suggest ion w a s  

For t h i s  purpose s t a c k s  made t o  a t tempt  t o  even t h e  exposure f i e l d .  

of metal s t r i p s  were made and i n s t a l l e d  t o  g ive  an a t t enua ted  p o r t i o n  

i n  t h e  cen te r  of each beam. 

t h e  t h i c k e s t  po r t ion  i n  t h e  beam cen te r  gave t h e  lower curve i n  F ig .  13. 

As i l l u s t r a t e d ,  t h i s  curve i s  more uniform throughout i t s  l eng th  and 

g ives  an exposure rate of about 300 r / h r .  

A pyramidal s t a c k  f o r  each source wi th  
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Studies  were a l s o  made i n  the  lateral  and vertical d i r e c t i o n s  

i n  t h e  volume immediately above t h e  bed. The v a r i a t i o n s  of t h e  

f i e l d  i n  these  p o s i t i o n s  were n o t  found t o  be  l a r g e  enough t o  r e q u i r e  

f u r t h e r  compensation. 

Attenuat ing t h e  rate of exposure t o  the  p a t i e n t  by using 

increas ing  f i l t e r  th icknesses  proved t o  be an e x c e l l e n t  means of making 

these  adjustments.  Nevertheless ,  t he  ques t ion  of s p e c t r a l  changes 

r e s u l t i n g  from t h e  in t roduc t ion  of t hese  f i l t e r s  was an important one 

t o  examine because of poss ib l e  changes i n  the  depth-dose r e l a t i o n s h i p s  

i n  t h e  p a t i e n t .  

The v a r i a t i o n s  i n  spectrum wi th  exposure rate were inves t iga t ed  

us ing  weak (2 m c )  mock sources ,  i n  order  t o  keep t h e  i n t e n s i t y  down t o  

a reasonable  l e v e l .  The background f o r  such measurements, however, i s  

not  t h e  "natural"  background inves t iga t ed  earlier, bu t  r a t h e r  t h a t  

e x i s t i n g  when t h e  500 c sources  are present  b u t  are turned t o  t h e  "off" 

pos i t i on .  The count rates f o r  t h e s e  backgrounds (and later f o r  t h e  

g ross  counts)  were found t o  be very  low, t o  such an ex ten t  t h a t  re- 

cording of t h e  count wi th  a meter system w a s  imprac t ica l .  

1 7  s p e c t r a l  p o i n t s  of i n t e r e s t  were se l ec t ed  and cumulative counts 

were made a t  each poin t  f o r  each f i l t e r  s e t t i n g .  

took as much as 10-20 min t o  complete, and a r a t h e r  lengthy procedure 

r e s u l t e d  from t h e  checking of 32 f i l t e r  p o s i t i o n s  f o r  1 7  s p e c t r a l  

po in ts .  

background counts were subt rac ted .  

Therefore ,  

Some of t h e s e  counts  

This  process  w a s  repeated again f o r  t h e  gross  counts and t h e  

Af te r  computation of t h e  n e t  counts, a series of curves w a s  

drawn represent ing  t h e  spectrum f o r  each f i l t e r  pos i t i on .  These curves 

I 0 2 9 1  1 5  
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were t r a n s f e r r e d  t o  and c u t  ou t  of wooden s h e e t s  of uniform th ickness .  

Incorpora t ing  t h e  32 r e s u l t i n g  curves i n t o  a s o l i d  model gave t h e  

three-dimensional r ep resen ta t ion  of Fig. 14. 

model represent  energy (X) ,  count rate ( Y ) ,  and f i l t e r  th ickness  (Z). 

The two b lack  l i n e s  running down t h e  face of t h e  curves denote t h e  

primary 137Cs peak a t  660 keV and t h e  120 keV scatter peak. 

keV primary r a d i a t i o n  f a l l s  o f f  i n  t h e  smooth exponent ia l  f a sh ion  

expected from inc reas ing  incremental  f i l t e r  th ickness .  

components do not  fol low t h i s  smooth f a l l - o f f  so w e l l .  

starts off  as a double-peak func t ion ,  which drops r a p i d l y  i n  t h e  f i r s t  

f e w  f i l t r a t i o n s  t o  become a single-peaked curve at  lower i n t e n s i t i e s .  

The i n i t i a l  r a p i d  f a l l -o f f  i n  t h e  s c a t t e r  component la ter  becomes slow, 

whereas t h e  a t t enua t ion  of t h e  primary peak cont inues unabated. 

causes  t h e  scatter t o  p e r s i s t  even a t  t h e  weakest i n t e n s i t i e s ,  where 

t h e  primary peak i s  no longer  v i sab le .  This r e s i d u a l  scatter p resen t  

may be t h e  r e s u l t  of leakage around t h e  edges of t h e  f i l t e r ,  which is 

not  t i g h t  aga ins t  t he  source s h i e l d ;  o r  it may r ep resen t  t he  degraded 

components of t h e  primary r a d i a t i o n  t h a t  f i n a l l y  t r i c k l e s  through t h e  

The t h r e e  axes i n  this  

The 660 

The scatter 

The scatter 

Th i s  

f i l t e r s .  

Generally speaking, t h e  r e l a t i v e  shape of t hese  curves is  

reasonably cons tan t  except when t h e  heavies t  f i l t e r  s e c t i o n s  are i n  

pos i t ion .  

no co r rec t ions  f o r  s p e c t r a l  changes are a n t i c i p a t e d .  

Unless t reatments  are t o  be  given a t  very low dose rates, 

The l as t  series of measurements made before  release of t h e  

f a c i l i t y  f o r  c l i n i c a l  use  was t o  determine t h e e x p o s u r e r a t e s  a v a i l a b l e  

f o r  t reatment .  The i o n i z a t i o n  chamber w a s  pos i t ioned  1 2  cm above t h e  
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cen te r  of t h e  bed and successive readings were taken f o r  each f i l t e r  

thickness .  

by p l o t t i n g  exposure rate a g a i n s t  i nc reas ing  f i l t e r  thickness .  The 

a c t u a l  curve d e v i a t e s  s u b s t a n t i a l l y  from t h e  c a l c u l a t e d  a t t e n u a t i o n  

l i n e  a t  heavier  f i l t r a t i o n s .  

of r a d i a t i o n  around t h e  s i d e s  of t h e  f i l t e r  and, moreover, from t h e  

s c a t t e r e d  component, which is no t  considered i n  c a l c u l a t i n g  t h e  

t h e o r e t i c a l  a t t e n u a t i o n  l i n e ,  t h a t  l e a k s  through t h e  f i l t e r .  

Figure 1 5  i l l u s t r a t e s  t h e  r e s u l t  of t h i s  i n v e s t i g a t i o n  

Probably t h i s  r e s u l t s  from t h e  leakage 

The a t t e n u a t i n g  f i l t e r s  provided an i n t e n s i t y  range of about 

160:1, which w a s  more than adequate f o r  c l i n i c a l  s t u d i e s .  

convenience of t h e  ope ra to r s ,  a c h a r t  w a s  prepared showing t h e  treat- 

ment times required t o  d e l i v e r  va r ious  t o t a l  exposures (corrected f o r  

decay) 

w a s  des i r ed ,  more f i l t r a t i o n  w a s  added and t h e  time lengthened. 

r e l i e v e d  t h e  t echn ic i an  of t h e  r e s p o n s i b i l i t y  of making a s e p a r a t e  time 

c a l c u l a t i o n  f o r  each t reatment ,  and thus minimized t h e  chance of e r r o r .  

For t h e  

with any des i r ed  f i l t e r  thickness .  I f  a slow rate of t reatment  

This 

I n i t i a l  t he rapeu t i c  p ro toco l s  c a l l e d  f o r  midl ine exposures of 

50-100 R given w i t h i n  1.5 h r s .  

a f e w  in s t ances  where t h e  c l i n i c a l  course of d i s e a s e  r equ i r ed  l a r g e r  

t o t a l  doses a t  higher rates. These p ro toco l s  were later expanded t o  

inc lude  f r a c t i o n a t e d  therapy t h a t  c a l l e d  f o r  30 R/day, a t  1.5 R/min f o r  

f i v e  consecutive days ( t o t a l  exposure 150 R), as w e l l  as e i t h e r  30 R 

o r  10  R (1.5 R/min) on a prn b a s i s  as mandated by d i s e a s e  progression. 

The exposure rate w a s  1.5 R/min except i n  
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2. LETBI 

Radiobiologic observations on dose fractionation and protraction 

in animals and man suggest that beneficial effects of TBI in chronic 

leukemia and other myeloproliferations may be augmented by low-exposure 

rates o r  dose fractionation. 

mental and clinical rationale for this new low-exposure-rate facility. 

These observations provide the experi- 

The low-exposure-rate total-body irradiation facility (LETBI) 

diagramed in Fig. 16 consists primarily of a large concrete outer room 

in which a smaller inner exposure room is centrally positioned. 

6oCo sources located in the outer room, as shown, irradiate the inner 

The 

room from all sides. 

The resulting radiation field enabled the inner room to be made 

sufficiently large (16 ft x 16 ft x 8 ft) for two patients to live in, 

as in a two-bed ward, for an extended time (days) during their 

exposure to 1.5 R/hr (Fig. 17). 

'initially consisted of 26 curies each of 6oCo and the central ceiling 

The eight corner sources (Fig. 16) 

and floor sources of 4 curies each. 

monitored remotely from an instrument console/located in an adjacent 

These sources are operated and 
(Fig. 18) 

control room (Fig. 16C), that also contains closed circuit TV monitors, 

an intercommunication system for patient surviellance, and a physiologic 

monitoring system described elsewhere in this report. 

instruments, operational relays, safety interlock switches, interrupt 

circuits are wired to an IBM 1800 computer in another adjacent room 

All these 

(Fig. 16D) for data storage and processing on a constant real-time 

basis during the facility's operation. Switches on the console permit 

the various interrupt levels in the IBM 1800 computer, located in the 

room below, to be activated so that prearranged programs for analysis 

1 0 2 9  f 80 
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of phys io logica l  s i g n a l s  can be c a l l e d  and executed. 

t h e  s i g n a l s  t h a t  are now being f ed  i n t o  t h e  computer. 

s i d e ,  c a l i b r a t e d  vo l t ages  i n  t h e  f 10 m i l l i v o l t  range are being 

suppl ied from the condi t ioned physiologic  monitor ou tputs .  

analog s i g n a l s  from t h e  r a d i a t i o n  monitor r e p o r t  on t h e  ope ra t ion  of 

t h e  ind iv idua l  sources .  A l l  t hese  s i g n a l s  are recorded and analyzed 

Figure 19 shows 

On t h e  analog 

Other 

by t h e  computer programs. 

va lues  of a l l  analog s i g n a l s  and t o  s i g n a l  an alarm i f  any phys io logic  

s i g n a l s  o r  r a d i a t i o n  l e v e l s  s t r a y  o u t s i d e  p r e s e t  l i m i t s  o r  source- 

conta in ing  p i s tons  f a i l  t o  r e t u r n  t o  t h e i r  s h i e l d s  on demand. 

switch c losu re  s i g n a l s  (Fig. 19) from t h e  console  enable  t h e  computer 

t o  record when the  sources  are r a i s e d  and lowered and t h e  reasons  

i n t e r r u p t i o n s  i n  exposure occurred. 

The computer is programmed t o  check t h e  

D i g i t a l  

The r a d i a t i o n  i s  turned o f f  au tomat ica l ly  whenever t h e  p a t i e n t  

l eaves  the  t reatment  room or when anyone e n t e r s  t h e  in t e r lock -con t ro l l ed  

area. When the  p a t i e n t  l eaves  t o  v i s i t  t h e  bathroom loca ted  off t h e  

en t rance  h a l l  t o  t h e  t reatment  room b u t  does n o t  leave t h e  c o n t r o l l e d  

a r e a  i t s e l f ,  t h e  r a d i a t i o n  devices  are turned on au tomat ica l ly  upon 

h i s  r e t u r n  t o  t h e  t reatment  room. I f  t h e  exposure is i n t e r r u p t e d  f o r  

nurs ing  care ,  meals, and o t h e r  reasons,  t he  r a d i a t i o n  devices  must be 

turned on by t h e  nurse  who records  t h e  reason f o r  t h e  i n t e r r u p t i o n .  

These events  and exposure times are recorded by t h e  computer and 

nurs ing  and t e c h n i c a l  s t a f f  (Fig. 20) for use i n  r e t r o s p e c t i v e  s t u d i e s  

of t he rapeu t i c  e f f e c t i v e n e s s  and eva lua t ion  of poss ib l e  radiat ion-induced 

e f f e c t s .  

of t i s s u e  equiva len t  humanoid phantoms i n  LETBI are descr ibed  elsewhere 

Hematologic s t u d i e s  and a system of dosimetry based on t h e  use 
I 

i n  t h i s  r e p o r t .  
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Therapy p ro toco l s  f o r  t h i s  l o w e x p o s u r e r a t e  i r r a d i a t i o n  

f a c i l i t y  were designed so t h a t  p a t i e n t s  received 30 R/day (1.5 R/hr) 

based upon a 20 h r  day. 

Af t e r  establishment of a c l i n i c a l  hematologic d a t a  base,  some p a t i e n t s  

To ta l  exposures ranged from 30 R t o  250 R. 

were t r e a t e d  with only 10 R/day (%6.7 h r s ) .  

i n  a l t e r a t i o n  of isodose configurat ions,  t h e  exposure rate was  dropped 

(via source sh i e ld ing )  t o  0.8 R/hr o r  t o t a l  d a i l y  exposures of 16 R. 

After source decay r e s u l t e d  

A physiologic  monitoring system was developed f o r  u se  i n  t h e  

LETBI f a c i l i t y  t o  study v i t a l  func t ions  of p a t i e n t s  undergoing r a d i a t i o n  

treatment.  The b a s i c  monitoring system i s  i l l u s t r a t e d  i n  t h e  b lock  

diagram of Fig.  21. The'system w a s  i n i t i a l l y  developed t o  r eco rd  the 

following six v a r i a b l e s :  

1. EKG waveform (frequency response: 0.01 to  250 Hz). 

2. Heart o r  p u l s e  rate (range: 0 t o  200 beats/min).  

3. Respirat ion waveform (frequency response: 0.01 t o  1 0  Hz). 

4. Resp i r a t ion  rate (range: 0 t o  60 breaths/min).  

5. 

6. 

As shown i n  Fig.  22, s i g n a l s  from t h e  p a t i e n t s  were conducted through 

a f l e x i b l e  umbil ical  cab le  I n  t h e  i r r a d i a t i o n  room and a 65-ft long 

s i g n a l  cab le  running t o  t h e  monitor console. 

l o c a t i o n  was necessary because of t h e  gamma r a d i a t i o n  f i e l d .  Signals  

from t h e  p a t i e n t  were conditioned by t h e  monitor e l e c t r o n i c s  and then 

t r ansmi t t ed  f o r  recording and a n a l y s i s  through cab le s  t o  t h e  computer 

room loca ted  below t h e  monitor. 

and sensor arrangements t o  o b t a i n  t h e  most information with t h e  least 

Rectal temperature (range 34" t o  4 2 O C ) .  

Time base  (from start of i r r a d i a t i o n ) .  

The remote console  

We i n v e s t i g a t e d  a number of e l e c t r o d e  

1 0 2 9 1 8 1  
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inconvenience t o  t h e  p a t i e n t .  The conf igura t ion  shown i n  Fig. 23 

permit ted us t o  record t h e  f i r s t  fou r  of t h e  l i s t e d  v a r i a b l e s  wi th  

t h e  use  of only t h r e e  e l ec t rodes  a t t ached  t o  t h e  p a t i e n t .  The EKG 

waveform and pu l se  rate were obtained wi th  the use  of a d i f f e r e n t i a l  

ampl i f i e r  and a cardiotachometer of s tandard manufacture. 

r e s p i r a t i o n  waveform and brea th ing  rate were obtained,  however, a t  a 

frequency of 50 khz so t h a t  t h e  two types  of information from. the same 

set of e l ec t rodes  w i l l  not  mutually i n t e r f e r e .  

monitoring of ga lvanic  s k i n  resistance (GSR) w a s  included i n  t h e  cables .  

The 

Wiring f o r  f u t u r e  

One of t h e  problems with using t h e  monitor i s  t h a t  r a d i a t i o n  

t rea tments  were planned t o  last  a week or more. 

experienced i n  g e t t i n g  t h e  e l e c t r o d e s  app l i ed  f o r  minimum i r r i t a t i o n  

and i n  arranging t h e  in te rconnec t ing  b e l t  and umbi l ica l  cord f o r  least 

discomfort  and r e s t r a i n t  f o r  an ambulatory p a t i e n t .  

b e l t ,  and cab le  arrangement shown i n  Fig. 24 overcame t h e s e  problems. 

Usually t h e  p a t i e n t  wore t h e  b e l t  over h i s  h o s p i t a l  c l o t h i n g  as shown 

i n  Fig. 25 and guided the  umbi l ica l  cord wi th  h i s  hands as he  moved 

about t h e  room. 

connectors  near  t h e  b e l t  so t h a t  t h e  p a t i e n t  or a t t endan t  could uncouple 

and r e e s t a b l i s h  t h e  monitoring c i r c u i t s  without  t h e  need for removing 

D i f f i c u l t i e s  have been 

The e l e c t r o d e ,  

The umbi l ica l  cord contained a set of quick-disconnect 

t h e  e l ec t rodes .  

Power-frequency i n t e r f e r e n c e  was a major problem i n  record ing  

low-level b i p o t e n t i a l  measurements and t h e  phys io logic  measurements 

w e  made i n  t h e  low-exposure-rate total-body i r r a d i a t i o n  f a c i l i t y  were 

not  exempt from t h i s  d i f f i c u l t y .  

c h a r t s  r e s u l t e d  from t h e  f a c t  t h a t  e l e c t r i c  c u r r e n t s  and v o l t a g e s  can 

The i n t e r f e r e n c e  on our  record ing  

1 0 2 9 1 9 0  
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be induced i n  a p a t i e n t  from nearby equipment powered from t h e  commercial 

supply system. 

trace, and o t h e r  t r a c e s  der ived from i t ,  because the information 

f r equen t ly  bandwidth f o r  t h e  EKG ranges from 0.01 t o  250 Hz and the 

6O-Hz power-line frequency f a l l s  I n  t h e  middle of th i s  band. 

r e s p i r a t i o n  s i g n a l s  were derived,  however, .from a 50-k&, 100-microampere 

These a r t i f a c t s  show up most f r equen t ly  i n  t h e  EKG 

, 

The 

constant-current supply and were much less a f f e c t e d  by s i g n a l s  a t  t h e  

power-line frequency. 

The i n t e r f e r e n c e  i n  t h e  EKG trace i s  coupled t o  t h e  p a t i e n t  i n  

two ways, similar t o  t h e  broadcast  and r ecep t ion  of r a d i o  s i g n a l s .  

The f i r s t  mode is by electric f l u x  coupling, where charges i n  the 

s u b j e c t  are set i n  motion by moving charges i n  wir ing and nearby elec- 

t r i ca l  devices.  This type of coupling is i l l u s t r a t e d  i n  Fig. 26. I n  

t h e  upper po r t ion  of t h e  f i g u r e  a single-ended a m p l i f i e r  is shown w i t h  

c a p a c i t i v e  coupling t o  a p a t i e n t  from a f luo rescen t  lamp. 

occurs  because an AC vo l t age  is induced through t h e  lower r e s i s t o r  

t o  ground. 

produces a n  output  vo l t age  Eo heavi ly  contaminated wi th  t h e  power- 

frequency component. The lower po r t ion  of Fig. 26 shows how t h i s  60-Hz 

component can be  g r e a t l y  a t tenuated through t h e  use  of a d i f f e r e n t i a l  

ampl i f i e r .  

r e n t i a l  ampl i f i e r  c h a r a c t e r i s t i c .  

EKG vo l t age  i s  amplified properly and t h e  output  v o l t a g e  Eo i s  

i n t e r f e r e n c e  f r e e .  

connected, w e  found t h a t  by making low r e s i s t a n c e  e l e c t r o d e  connections 

I n t e r f e r e n c e  

This is picked up by t h e  ampl i f i e r  a t  t e rmina l  A and 

The common-mode 6&Hz vo l t age  is cancel led o u t  by the d i f f e -  

A t  t h e  same time t h e  d i f f e r e n t i a l  

I n  operat ion,  w i th  t h e  d i f f e r e n t i a l  a m p l i f i e r  

and pos i t i on ing  them c a r e f u l l y  on t h e  p a t i e n t  good recordings could b e  

1 0 2 9 1 4 4  
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obtained. 

vo l t age  i n  t h e  presence of a 6O-Hz s i g n a l ,  many f a c t o r s  higher  i n  

magnitude, demonstrated t h e  e f f i c a c y  of t h e  d i f f e r e n t i a l  ampl i f i e r  

c i r c u i t  . 

Our in t e r f e rence - f r ee  recording of a l - m i l l i v o l t  EKG 

The second mode of i n t e r f e r e n c e  t r a n s f e r  is  by magnetic flux 

coupling, where c u r r e n t s  are induced i n  t h e  p a t i e n t  through a t ransformer-  

l i k e  a c t i o n  by c u r r e n t s  and magnetic f l u x e s  i n  nearby power wi r ing  and 

electrical equipment. F igure  27 shows how our  p re sen t  th ree-e lec t rode  

p a t i e n t  connections a c t  as two, one-turn secondary loops of a t ransformer  

c o i l  through t h e  p a t i e n t ;  an  electrical device  acts as t h e  primary 

c i r c u i t  and a i r  is  t h e  t ransformer core. I f  t h e r e  i s  am imbalance i n  t h e  

f l u x  coupling between t h e  source and t h e  two p a t i e n t  loops,  a d i f f e r e n t i a l  

cu r ren t  and v o l t a g e  w i l l  e x i s t  as te rmina ls  A and B t h a t  w i l l  b e  de t ec t ed  

and amplif ied.  

d i f f e r e n t i a l  ampl i f i e r  c i r c u i t  w e  have been p a r t i c u l a r l y  i n t e r e s t e d  

i n  loca t ing  and mapping t h e  magnetic f i e l d  sources  and i n t e n s i t i e s  

i n  t h e  LETBI f a c i l i t y .  

Because t h i s  kind of s i g n a l  is  not  r e j e c t e d  by t h e  

To explore  these  magnetic f i e l d s  a resonant  probe w a s  cons t ruc ted  

as shown i n  Fig. 28. 

core  t h a t  is  made resonant  t o  60 Hz wi th  a p a r a l l e l  capac i tor .  An 

osc i l l o scope  wi th  a h igh - sens i t i v i ty  preampl i f ie r  was used as a read- 

ou t  device (Fig. 29). The volume contained wi th in  t h e  LETBI room was 

measured of f  i n  2-ft increments and every e l e c t r i c a l  device was turned 

on t o  provide a "worst case" condi t ion ,  Measurements were then made 

holding t h e  probe axis v e r t i c a l  and wi th  t h e  osc i l l o scope  loca ted  i n  

The probe cons is ted  of a c o i l  wound on an  i r o n  

J 
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t h e  ou t s ide  ha l l  wi th  an  in te rconnec t ing  cab le  between t h e  two. 

were recorded f o r  planes p a r a l l e l  t o  t h e  f l o o r ,  c e i l i n g ,  fou r  walls, a 

ver t ical  c r o s s  s e c t i o n  3-3/4 f t  from t h e  w e s t  w a l l ,  and a h o r i z o n t a l  

c ros s  s e c t i o n  3 f t  above t h e  f l o o r .  

Values 

Figure 30 shows a f l u x  map made on a p lan  3 ft above t h e  f l o o r .  

The f l u x  was concentrated near  t h e  co lo r  TV set and near t h e  w a l l  co rne r s  

and door where wir ing is present .  

(Fig. 31) showed two i n t e n s e  f l u x  areas. One was loca ted  a t  t h e  

intercom and power switch panels  and t h e  o t h e r  (h ighes t  i n t e n s i t y  

recorded i n  t h e  room was 50 m i l l i v o l t s )  l oca t ed  i n  t h e  f l o o r  corner  

d i r e c t l y  above some f luo rescen t - l i gh t ing  b a l l a s t  c i r c u i t s .  

shows t h e  f l u x  p a t t e r n  obtained i n  a v e r t i c a l  c r o s s  s e c t i o n  taken 

d i r e c t l y  beneath a row of f luo rescen t  lamps. These lamp f i x t u r e s  g ive  

of f  an apprec iab le  amount of magnetic f l u x  and, as seen i n  t h e  f i g u r e ,  

Amagnet ic  f l u x  map of t he  east w a l l  

F igu re  32 

t h i s  f i e l d  f a l l s  o f f  wi th  d is tance .  

To determine t h e  magnitude of t h e  magnetic coupl ing,  a two-loop 

w i r e  probe w a s  cons t ruc ted  similar i n  shape t o  t h e  equiva len t  c i r c u i t  

shown i n  Fig. 27. 

lamps on , the  c e i l i n g ,  pos i t ioned  wi th  one loop toward t h e  lamps and 

This  probe was he ld  near  one of t h e  f l u o r e s c e n t  

t h e  o the r  loop pointed away. 

d i f f e r e n t i a l  v o l t a g e  of 50 microvol t s  on ou r  measuring instruments .  

The unequal f l u x  coupling produced a 

Although t h i s  i n t e n s i t y  of magnet ical ly  coupled vo l t age  was no t  

de t r imen ta l  t o  our  present  EKG measurements, i t  would have s e r i o u s  

e f f e c t s  on EEG o r  o ther  low-level phys io logic  s i g n a l s  which we might 

a t tempt  t o  record i n  t h e  f u t u r e .  

I 0 2 9 2 0 0  
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I n  l i g h t  of t h e s e  f l u x  and v o l t a g e  va lues  w e  experimented with 

some convenient sh i e ld ing  materials t o  reduce t h e  magnetic f i e l d s .  

Our search probe w a s  posi t ioned i n s i d e  a two-foot cubic  box of f i n e  

copper screen. 

second box of galvanized hardware c l o t h  was  b u i l t  over  t h e  f i r s t  one. 

Th i s  gave no r educ t ion  i n  t h e  probe s i g n a l  so a 

Even with t h i s  double-screen s h i e l d  t h e  probe s i g n a l  w a s  n o t  reduced. 

We then placed a search probe i n  a c a n i s t e r  of Conetic f o i l  (a material 

having a high magnetic permeabi l i ty)  and aga in  t h e  s i g n a l  was n o t  

reduced. 

magnetic sh i e ld ing  of t h e  room would involve covering a l l  room s u r f a c e s  

w i t h  t h i c k  f e r r o u r  metal s h e e t s  - a n  imprac t i ca l  arrangement because 

of t h e  needed gamma-ray exposure f i e l d  coming through t h e  room w a l l s .  

A grounded screen s h i e l d  would probably h e l p  reduce t h e  electric f i e l d  

and might w e l l  be  considered f o r  f u t u r e  i n s t a l l a t i o n ,  but  i t  would be  

i n e f f e c t u a l  f o r  t h e  magnetic f i e l d s .  

We have concluded from t h e s e  tests t h a t  any s u c c e s s f u l  

During t h e  course of t h e s e  experiments w e  have found t h a t  

e l e c t r o d e  placement p a t t e r n s  f o r  b e s t  s i g n a l s  and minimum power-line 

i n t e r f e r e n c e  varies considerably wi th  t h e  cond i t ion  of t h e  p a t i e n t .  

The p a t i e n t s  t o  be i r r a d i a t e d  and monitored i n  t h e  f a c i l i t y  f r e q u e n t l y  

have enlarged abdominal organs t h a t  congest t h e  t h o r a c i c  c a v i t y  and 

change t h e  ca rd iac  e lectr ical  s u r f a c e  p a t t e r n s .  Usually prel iminary I 

care i n  securing a good, low-resistance s t e r n a l  ground e l e c t r o d e  

connection, t oge the r  with t r y i n g  t h e  two active e l e c t r o d e s  at  va r ious .  

ches t  test sites, gave optimum r e s u l t s .  

LETBI Dosimetry. The o b j e c t i v e s  of t h e  low-exposure-rate 

total-body i r r a d i a t o r  dosimetry study were t o  produce a l a r g e ,  uniform 
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exposure f i e l d  w i t h  an exposure ra te  of approximately 1 R/hr and t o  

accu ra t e ly  determine a p a t i e n t ' s  absorbed dose. 

The i n i t i a l  s t e p  i n  t h i s  s tudy was an i n v e s t i g a t i o n  of the 

va r ious  source arrangements t h a t  would provide t h e  des i r ed  exposure 

f i e l d .  The b a s i c  requirements were t h a t  t h e  f i e l d  be  uniform (* 5%) 

throughout a treatment volume l a r g e  enough t o  provide two p a t i e n t s  

with comfortable l i v i n g  q u a r t e r s  f o r  extended exposure per iods.  

The c a l c u l a t i o n s  made t o  f i n d  an optimum source conf igu ra t ion  

incorporated two major assumptions: t h a t  t h e  sources  could be considered 

"point" sources and t h a t  v a r i a t i o n s  in t h e  exposure rate are produced 

by produced by t h e  i n v e r s e  square law. Attenuat ion o r  s c a t t e r i n g  were 

no t  taken i n t o  account. Calculat ions were done for a s i n g l e  source 

arrangement and s e v e r a l  multiple-source configurat ions.  

A configurat ion of 10 sources  i n  a r ec t angu la r  a r r a y  w a s  s e l e c t e d  

because t h e  p red ic t ed  exposure f i e l d  was uniform w i t h i n  f5% throughout 

a t reatment  volume of 14'  x 14' x 6 ' .  This arrangement provided t h e  

g r e a t e s t  percentage of usable  treatment volume p e r  volume of shielding-  

s u p e r s t r u c t u r e  and consequently proved t o  b e  t h e  most economical 

s t r u c t u r e  t o  bu i ld .  

Figure 33 compares t h e  isodose o r  relative exposure l i n e s  

predicted t h e o r e t i c a l l y  f o r  t h e  h o r i z o n t a l  midplane of t h e  volume t o  be  

occupied by t h e  treatment room and t h e  corresponding measured isodose 

l i n e s .  These r e s u l t s  i n d i c a t e  t h a t s t h e  ho r i zon ta l  v a r i a t i o n s  i n  t h e  

f i e l d  were p red ic t ed  very w e l l  by theory.  

v a r i a t i o n ,  however, w a s  f 15% compared t o  a p red ic t ed  va lue  of only 

5%. 

The measured ver t ical  

1 0 2 9 2 0 5  
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The source manipulators  were designed t o  vary  t h e  exposure ra te  

by changing t h e  f r a c t i o n  of t h e  3-in long source pos i t i oned  i n  t h e  

beam p o r t a l .  

source exposed w a s  found t o  be t h e  primary f a c t o r  con t r ibu t ing  t o  

Operating the  manipulator w i th  only a f r a c t i o n  of the 

c t h e  v e r t i c a l  f i e l d  g rad ien t .  

pos i t i on ing  the e n t i r e  source i n  t h e  beam p o r t a l .  

w a s  reduced t o  t h e  des i r ed  va lue  by p lac ing  c y l i n d r i c a l  lead a t t enuakors  

over t h e  beam p o r t a l .  

The v e r t i c a l  g rad ien t  was  reduced by 

The exposure rate 

The v a r i a t i o n  i n  t h e  exposure f i e l d  through t h e  midplane of t h e  

completely furn ished  t reatment  room i s  shown i n  Fig. 34. 

t h e  small shaded areas, a l l  measurements are between f 5% and only  one 

measurement i n  289 va r i ed  by more than + 10% of t h e  exposure a t  t h e  

cen te r  of t h e  room. Within 90% of t h e  t rea tment  volume t h e  exposure 

rates va r i ed  by no more than f 10% and f u r n i t u r e  placement restricts 

t h e  p a t i e n t  from occupying most of t h e s e  areas. 

Except for  

A l l  t h e  exposure measurements were made wi th  a min ia tu re  Geiger 

d e t e c t o r  wi th  a s e l e c t i v e  s h i e l d ,  chosen f o r  i ts  s e n s i t i v i t y ,  repro- 

d u c i b i l i t y ,  energy independence, and smal l  s i z e .  This  instrument  w a s  

a l s o  d e s i r a b l e  because i t  could be operated remotely from t h e  c o n t r o l  

area. 

Ca l ib ra t ion  was accomplished by measuring t h e  exposure rate at  

t h e  cen te r  of t h e  room wi th  a Victoreen condenser R-meter. 

1967 t h e  exposure rate a t  t h e  c e n t e r  of t he  t reatment  room was 1.50 R/hr. 

The exposure rate was kept  approximately cons tan t  by decreasing t h e  

th ickness  of t h e  lead  a t t e n u a t o r s  t o  compensate f o r  t h e  6oCo decay. 

On June 1, 

, 
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Spec t r a l  measurements made wi th  a N a I  (Tl) de t ec to r  a t  several 

p o s i t i o n s  wi th in  t h e  t reatment  volume showed no s i g n i f i c a n t  v a r i a t i o n s  

i n  energy d i s t r i b u t i o n .  

Patient and Phantom Dosimetry. During p a t i e n t  treatment thermo- 

luminescent dosimeters are worn on the  p a t i e n t ' s  wrists, ank le s ,  and 

ches t .  The p a t i e n t ' s  absorbed dose is  determined by c o r r e l a t i n g  t h e  

measurements w i th  surface-depth dose r a t i o s  obtained from phantom 

s tud ie s .  

t h e  f i r s t  e i g h t  p a t i e n t s  t r e a t e d  i n  t h e  f a c i l i t y  and t h e  phantom 

measurements. 

i n  t h e  cen te r  of t he  room (100 R) due t o  a t t enua t ion  by t h e  p a t i e n t ' s  

body. 

Table 8 shows t h e  comparison of s u r f a c e  exposures measured on 

The su r face  exposures a r e  less than t h e  exposure measured 

An extens ive  phantom dosimetry s tudy was undertaken t o  determine 

t h e  average whole-body dose as w e l l  as the  doses t o  ind iv idua l  organs 

fo r  p a t i e n t s  rece iv ing  TBI i n  a l l  t h r e e  of our  TBI  f a c i l i t i e s .  In 

t h i s  s tudy a t i s s u e  equiva len t  phantom (complete wi th  ske le ton  and 

d e n s i t y  ad jus ted  lung spaces, e t c . )  was  used as a p a t i e n t  analog and 

ind iv idua l ly  c a l i b r a t e d  thermoluminescence dosimeters were used t o  

measure dose. 

34 t r ansve r se  s e c t i o n s  of t h e  phantom wi th  bone s t r u c t u r e  and organ 

l o c a t i o n  of anatomy re fe rence  works. 

dosimeters  were placed i n  a l l  a v a i l a b l e  sites wi th in  t h e  volumes def ined 

as organs,  

manner as a p a t i e n t .  

determined by a n a l y s i s  techniques previously repor ted  (USAEC Report 

CONF-680920, 1969, p. 976). With t h e  except ion of t h e  bone marrow w e  

To l o c a t e  organ volumes, we compared radiographs of t h e  

Ind iv idua l ly  c a l i b r a t e d  LiF 

Then w e  reassembled t h e  phantom and exposed i t  i n  t h e  same 

The rad  dose measured by each dosimeter w a s  
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assume t h a t  the average r ad  response of a l l  dosimeters  i n  an organ 

equals  t h e  organ dose. 

I n  Table 9 t h e  organ dose and t h e i r  ranges are given f o r  a l l  

t h r e e  i r r a d i a t o r s .  P red ic t ab ly ,  t h e  bone marrow dose ranges are t h e  

most v a r i a b l e  since t h e  bone marrow is both  near  t h e  midl ine  and 

nea r  t h e  s u r f a c e  of t h e  body. I n  LETBI, on comparing t h e  dose d i s t r i -  

bu t ion  wi th  t h e  o the r  two f a c i l i t i e s ,  we f i n d  t h a t  organs i n  t h e  head 

and neck r e c e i v e  about 10% more, i n  t h e  upper and central ches t  about 

1 O Z  less, and i n  t h e  lower p a r t  of t h e  t o r s o  about 15 t o  30% less. 

In METBI, as compared wi th  t h e  variable-dose-rate i r r a d i a t i o n  f a c i l i t y *  

(MRIF), t he  organ doses are s l i g h t l y  h igher  i n  t h e  head, about t h e  

same i n  the  upper ches t ,  and lower i n  t h e  abdominal and p e l v i c  regions.  

Since t h e  a c t i v e  marrow is not  uniformly d i s t r i b u t e d  within t h e  

body i n  a simple, well-defined volume, i t  was necessary t o  know t h e  

spat ia l  d i s t r i b u t i o n  of t h e  marrow t o  determine average marrow dose. 

The d i s t r i b u t i o n  of a c t i v e  marrow for normal a d u l t s  is expressed as 

t h e  percent  of t h e  t o t a l  amount loca ted  i n  a p a r t i c u l a r  anatomical 

marrow compartment, e.g., t h e  r i b s  or s k u l l .  The d i s t r i b u t i o n  of t he  

dosimeters  i n  t h e  marrow comparments w a s  no t  propor t iona te  t o  t h e  amount 

of marrow the re in .  

i n  r i b s  which contained only about 8% of t h e  t o t a l  a c t i v e  marrow. 

For example, 19% of t h e  137 dosimeters  were loca ted  

Therefore,  average t o t a l  dose t o  marrow had t o  be  ca l cu la t ed  by f i r s t  

determining t h e  average dose for a s p e c i f i c  compartment and then 

using its percentage of t o t a l  marrow a s  a weighting f a c t o r .  Table  10  

lists t h e  average compartment dose and i t s  range per  100 R of exposure 

from each of t h e  t h r e e  i r r a d i a t o r s .  Table 11 summarizes t h e  average 

marrow dose c a l c u l a t i o n s .  

%A f a c i l i t y  owned by t h e  Univers i ty  of Tennessee Comparative Animal 
Research Laboratory and used by ORAU f o r  t he rapeu t i c  exposures i n  
p a t i e n t s  p r i o r  t o  bone marrow t r a n s p l a n t a t i o n .  
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F a c i l i t y  
METBI 

Dose Range 

64 53-86 

77 74-81 

75 70-79 

66 58-70 

67 54-76 

66 62-70 

87 85-90 

67 61-78 

67 58-77 

73 72-75 

74 72-75 

69 69-73 

64 59-69 

76 75-77 

7 

TABLE 9 

VDRIF 
Dose Range 

72 61-83 

7 1  66-75 

70 66-74 

73 65-83 

68 59-75 

68 61-78 

72 70-74 

72 67-81 

77 65-90 

78 72-84 

79 73-84 

73 68-79 

71  66-76 

74 73-76 

Organ Doses i n  Three Total-body I r r a d i a t i o n  F a c i l i t i e s  
I n  Rads Per 100 R a t  Cen te r l ine  of P a t i e n t  

Organ 

Bone marrow 

Cerebellum 

Cerebrum 

Heart 

I n t e s t i n e s  

Kidneys 

Lenses of eyes 

Liver  

L u n g s  

Skin (above sternum) 
Skin ( f ron t  w a i s t )  

Spleen 

Stomach 

Thyroid 

LETBI 
Dose Range - 

60 42-94 

79 75-81 

82 77-87 

66 61-74 

57 48-64 

54 53-57 

94 93-96 

62 55-71 

67 59-81 

86 84-87 

77 76-79 

58 55-60 

54 49-61 

8 2  80-84 

1 0 2 9 2 1 2  
, 



TABLE 10  

Marrow Compartment Average Dose i n  Rads/100 R 

IRRADIATORS 
LETBI METBI VDRIF 

Marrow Average Average Average 
Compartment Dose Range Dose Range Dose Range 

Head 82 73-89 78 71-85 68 61- 7 4 

Upper Limb 
Girdle 69 58-75 66 58-73 78  70-82 

Sternum 75 73-77 69 65-71 77 74-77 

Ribs 63 46-76 68 62-72 75 70-84 

Vertebrae 58 47-75 65 59-80 70  63-78 

Sacrum 45 41-46 54 50-56 75 67-83 

Lower Limb 
Girdle 52 44-62 59 52-71 72 63-77 

1 0 2 9 2 1 3  
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Because most s t u d i e s  of total-body i r r a d i a t i o n ,  both i n  humans 

and animals, relate response t o  same “average-body dose,“ we have 

est imated t h e  average torso-dose also. Our estimates are: LETBI, 

67 rads/100 R; MZTBI, 68 rads/lOO R; and VDRIF, 74 rads/100 R. 

The importance of using absorbed dose as t h e  b a s i s  of comparison 

i s  clear from Table 9, i.e., i f  two p a t i e n t s  were exposed t o  100 R, 

one i n  LETBI and t h e  o the r  i n  VDRIF, t h e  VDRIF p a t i e n t  would receive 

about a 20% g r e a t e r  marrow dose but  h i s  dose t o  t h e  l enses  of t h e  eyes 

would be 20% smaller than t h e  LETBI p a t i e n t .  

b i o l o g i c a l  endpoint was marrow suppression o r  cataract formation, we  

would e i t h e r  overest imate  o r  underestimate by 20% t h e  e f f ec t iveness  of 

equal  exposures given i n  these  d i f f e r e n t  i r r a d i a t o r s .  

Depending upon whether t h e  

B. Physiologic  S tudies  

I r r a d i a t i o n  therapy,  r ega rd le s s  of i t s  modality,  r equ i r e s  sh i e ld ing  

Low t o  p r o t e c t  h o s p i t a l  personnel from exposure during p a t i e n t  treatment.  

l e v e l s  of t o t a l  body i r r a d i a t i o n  therapy presented a d d i t i o n a l  problems 

s ince  p a t i e n t s  could b e  i s o l a t e d  f o r  cons iderable  per iods  (days o r  weeks)  

during which physiologic  contac t  f o r  v i t a l  s i g n s  monitoring genera te  

considerable  volumes of physiologic  da t a  d a i l y  t h a t  r e q u i r e  a n a l y s i s  and 

reduct ion  i n  t h e i r  content .  

waveform and rate) and pulmonary d a t a  were recorded real time ( s t r i p  

c h a r t )  and on analog t ape  f o r  r e t r o s p e c t i v e  ana lys i s .  Each of t hese  

physiologic  parameters presented s p e c i a l  problems concerning d a t a  a n a l y s i s ,  

s torage ,  and retrieval. 

I n  our  f a c i l i t y  l a r g e  volumes of ca rd iac  ( M G  

1 0 2 9 2 1 5  
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1. Pulmonary Impedance 

A t  t h e  present  s ta te-of- the-ar t ,  t h e  pulmonary impedance 

pneumograph is used t o  s tudy r e s p i r a t o r y  p a t t e r n s  phys io log ica l ly  and 

t o  monitor r e s p i r a t o r y  func t ion  i n  remotely loca ted  persons,  e.g., 

a s t ronau t s  i n  space (4-7). 

impedance pneumography t o  measure pulmonary func t ions  i n  p a t i e n t s  

We attempted t o  use t h i s  system of 

undergoing t o t a l  body i r r a d i a t i o n  therapy. 

system was  a v a i l a b l e  t o  f a c i l i t a t e  medical i n t e r p r e t a t i o n  of changes’ 

However, no data-reduct ion 

i n  pulmonary impedance pneumography as used c l i n i c a l l y  in remote 

monitoring. 

power s p e c t r a l  a n a l y s i s  f o r  t h i s  purpose. 

form was recorded on a Beclanan Dynagraph (previously descr ibed)  

u t i l i z i n g  an e l ec t rode  conf igura t ion  descr ibed previously by o t h e r s  

(8-13) using i t  t o  monitor t h e  physiologic  s t a t u s  of as t ronau t s  i n  

space f l i g h t  or  i n  simulated tests. 

We made a prel iminary s tudy of t h e  f e a s i b i l i t y  of using 

Pulmonary impedance wave- 

We found t h a t  t h e  pulmonary impedance changed p e r i o d i c a l l y  wi th  

time i n  a way t h a t  w a s  remarkably cons i s t en t  and typical of any one 

sub jec t ,  if he was i n  an uns t ressed  s teady  s ta te  i n  a wel l -cont ro l led ,  

cons tan t  environmental s i t u a t i o n .  

a r e s p i r a t o r y  response caused a change i n  t h i s  p e r i o d i c i t y .  Visual  

inspec t ion  of t h e  impedance pneumography wave form (Fig. 35) i nd ica t ed  

t h a t  t h e  c y c l i c  na tu re  of t h e  r e s p i r a t o r y  response w a s  considerably 

more complex and d i f f i c u l t  t o  desc r ibe  and measure. 

Any physiologic  demand t h a t  requi red  

Many o the r  time series known t o  t h e  phys ica l  sc iences ,  engineer ing,  

and economics have an underlying pe r iod ic  s t r u c t u r e .  These phenomena 

are amenable t o  s ta t i s t ica l  a n a l y s i s  using t h e  mathematical technique 
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of power spectrum a n a l y s i s  (14-15). I n t e r p r e t a t i o n  of t h e  r e s u l t s  

of such an a n a l y s i s  is not  d i f f i c u l t ,  and i t  is  poss ib l e  t o  develop 

t e s t i n g  procedures t o  determine whether a change has  occurred. 

Although power-spectrum a n a l y s i s  is commonly used i n  communications 

engineering, seismology, radio-astronomy, and o the r  phys ica l  sc iences ,  

i t s  app l i ca t ion  i n  biology is  new. 

ana lys i s  as a method f o r  analyzing EEG d a t a  and has  demonstrated i t s  

use i n  experimental electroencephalography. 

showed t h a t  power s p e c t r a l  a n a l y s i s  is a n a t u r a l  system f o r  reducing 

t h e  v a s t  amount of da t a  i n  t h e  analog t r a c i n g s  obtained i n  impedance 

pneumography. It minimizes t h e  i n t e r p r e t i v e  workload and produces a 

measurement t h a t  is unique i n  r e s p i r a t o r y  physiology t h a t  seems r e l a t e d  

i n  some way t o  t h e  phys ica l  work involved i n  brea th ing  and meeting 

r e s p i r a t o r y  demands. 

Walter (16) has proposed s p e c t r a l  

Our prel iminary s tudy 

Mathematically, t h e  impedance pneumograph measured by P a c e l l a ' s  

technique (17) can be  considered as a trace of length  T from an 

a r b i t r a r y  o r i g i n  and designated Xi(t) where i r e f e r s  t o  t h e  i t h  trace 

and t i s  time (0 5 t < T). The func t ion  of X i ( t )  i s  sampled a t  n 

equal ly  spaced i n t e r v a l s  of width At(At=T/n). The r e s u l t i n g  series 

t-l,..., n i s  t h e  sub jec t  of the  present  ana lys i s .  Xit, 

I f  X(t)  could be considered as a de te rmin i s t i c  pe r iod ic  func t ion  

of time, then c l a s s i c a l  harmonic a n a l y s i s  would lead  t o  t h e  fol lowing 

Fourier  representa t ion  of n equal ly  spaced po in t s  from t h e  t r a c e .  

1 0 2 9 2 1 8  



m 
= II + C 

j = l  
Ea j cos(o j t )  + j sin(w j t ) )  Xt 

where 

m = (n/2) - 1, 

w j  = 2 r j / n ,  

j = 1,. . . ,m. 

Then w 

one cyc le  per  T minutes. 

is t h e  slowest cosine wave with a per iod of 
j 

The least squares  es t imates  of t h e  a j 's and B j ' 8  are 

Since t h e  energy i n  a wave i f  p ropor t iona l  t o  t h e  square of 

i t s  amplitude, w e  can ob ta in  t h e  following r e l a t i o n  (Parseva l ' s  

I d e n t i t y )  between t h e  power (energy?) i n  one cyc le  and t h e  Four ie r  

coe f f i c i en t s .  

n n -  
C Xt2 = 

t = l  t - 1  
C{x + C{a j cos(w j t) + b j s i n ( @  j t ) ) I 2  

n 

n j 

- 
= m 2  + - C(aj2 + b 

+This energy concept i s  not  spec i f i ed  phys ica l ly  and t h e  impl ica t ion  
i s  not  intended t h a t  energy here  is  l i n e a r l y  r e l a t e d  to t h e  energy 
involved i n  t h e  r e s p i r a t o r y  e f f o r t  t h a t  produces t h e  pulmonary 
impedance traces. 

IO292 I 9  
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The quan t i ty  1 /2  (a + b 2, may be  considered as t h e  

cont r ibu t ion  t o  t h e  t o t a l  power from t h e  j t h  frequency band, t h e  

j j 

width of which i s  2n/n. Then, 

In (wj) = A t  n (aj2 + b 2)/4n 
j 

de f ines  t h e  Schuster periodogram. 

known as a harmonic ana lys i s .  Jenkins  (18) shows t h a t  

A p l o t  of I (w ) vs. frequency is 
n j  

and d iscusses  t h e  d i f f e rence  between t h i s  approach t o  t ime-ser ies  

a n a l y s i s  and t h e  s t a t i s t i c a l  approach, which cons iders  X(t)  as a sample 

func t ion  from a s t o c h a s t i c  process.  The harmonic ana lys i s ' b reaks  down 

completely when appl ied t o  a s t a t i s t i ca l  f l u c t u a t i o n ,  s i n c e  I n ( w )  does 

not  converge t o  p(w) as n becomes l a rge r .  

However, i f  X(t)  is  a s t a t i o n a r y  t ime series and E{X(t)) = 0, 

then C(T) = E{X(t) x ( t  + T)) is  t h e  autocovariance func t ion ,  ( 9 )  

and i t s  Fourier  transform 

= -i2nf.r aD 

- w  0 
P ( f )  = /e C(T)dT = 2 ~ c o s ( 2 n f ~ )  c (T)d 

is  t h e  power spectrum of X(t) .  Then i f  

T = 0 i n  eq. 1 
m 

C(0 )  = var{X(t))  = 2 IP ( f )d f  
0 

so t h a t  2P(f)df r ep resen t s  t h e  con t r ibu t ion  t o  t h e  power of t h e  process  

from f requencies  between f and (f + d f ) ,  where only p o s i t i v e  f requencies  

are considered. 

1 0 2 9 2 2 0  
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When a record of X(t)  of l ength  T is a v a i l a b l e  and is sampled 

at  equal ly  spaced i n t e r v a l s  of time, t h e  d i s c r e t e  time series 

t - 1  n may be used t o  es t imate  t h e  autocovariance and t h e  
Xt , , 0 '  * 
power spectrum. 

upon two f a c t o r s :  

1. 

The va lue  of A t  and T chosen w i l l  depend p r imar i ly  

The Nyquist frequency, wn - s / A t  radians/minute o r  1/2At 

A l l  f requencies  above an w i l l  be a l i a s e d  with those  cycles/minute. 

i n  t h e  range ( 0 , ~ ~ ) .  

2. The r e so lu t ion  required i n  t h e  est imated range (O,wn) and 

t h e  lowest f requencies  of i n t e r e s t .  

The aim of our a n a l y s i s  is t o  e s t ima te  t h e  a l i a s e d  spectrum for 

f requencies  from 0 t o  1 / 2 A t  cycles/minute. 

converge, i t  is  necessary t o  use a l a g  window i n  t h e  time domain o r  t h e  

equiva len t  s p e c t r a l  window i n  t h e  frequency domain. 

To ob ta in  es t imates  t h a t  

We use  here  t h e  Blackman-Tukey es t imat ion  procedure (19) wi th  

hamming. The c a l c u l a t i o n s  may be 

1. Calcula te  estimates of 
n - r  1 

n - r  
cr - - - =tx, + 

t - 1  

b r i e f l y  s m a r i z e d  

t h e  autocovariance 

r = 0, 1,. ... m r 

as follows: 

func t ion  : 

2. Calcu la te  r a w  power-spectrum estimates: 

2At m -  1 
Vr * - {C + 2 C Ckcos(kr/m) + Cmcos(rn)} 

'II 0 k - 1  

3. Calcu la te  t h e  smoothed power-spectrum estimates (hamming): 

P ( f )  = Pr = .23Vrel + .54V r + .23Vr+1 

r 

2mA t 
Where f = - cycles/minute 

t 02922 I 
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The smoothed e s t ima te  P ( f )  may a l s o  be i n t e r p r e t e d  as t h e  con- 

t r i b u t i o n  from t h e  j t h  frequency band t o  var {Xt) (19). 

Thus, i t  is  poss ib l e  t o  consider  r e s p i r a t i o n  i n  t h e  frequency 

domain t h a t  is  phys ica l ly  more meaningful than  t h e  trace I n  t h e  t i m e  

domain. 

Figure 35 shows t h e  pulmonary impedance traces produced while a 

p a t i e n t  was experiencing d i f f e r e n t  sub jec t ive>degrees  of pa in  expressed 

as none, s l i g h t ,  and severe. 

of t hese  t h r e e  traces are presented i n  Fig. 36. 

pa in  increased t h e  amplitude of t h e  l o w  frequency cyc le s  showed a 

s u b s t a n t i a l  increase .  Complete r e s u l t s  of these  i n i t i a l  e f f o r t s  are 

summarized i n  a r e p o r t  by Lushbaugh et  al. ( 2 0 ) .  

The power s p e c t r a  produced by t h e  a n a l y s i s  

They i n d i c a t e  t h a t  as 

Prodromal Syndrome. Later w e  appl ied  these  techniques of pulmonary 

impedance power s p e c t r a l  a n a l y s i s  on p a t i e n t s  undergoing total-body 

i r r a d i a t i o n  therapy. 

impedance power s p e c t r a l  a n a l y s i s  could be used t o  d e t e c t  t h e  onse t  

The purpose of t h i s  s tudy was t o  see i f  pulmonary 

and course of g a s t r o i n t e s t i n a l  d i s t r e s s  induced pharmacologically or 

by t o t a l  body i r r a d i a t i o n .  

Traces of pulmonary impedance were obtained before ,  during (in 

t h e  case of exposure p r o t r a c t i o n ) ,  and a f t e r  t he rapeu t i c  levels of 

total-body i r r a d i a t i o n  of leukemic p a t i e n t s  wi th  137Cs o r  6oCo gamma 

rays.  The r a d i a t i o n  f a c i l i t i e s  used have been previously descr ibed.  

Br i e f ly ,  f r a c t i o n a t e d  exposures of 30 R/day were c a r r i e d  o u t  i n  a I3’Cs 

t o t a l  body i r r a d i a t o r  a t  a rate of 1.5 R/min, while  p ro t r ac t ed  (30 R/day) 

and f r ac t iona ted  (10 R/day) exposures were adminis tered u t i l i z i n g  a 6oCo 

t o t a l  body i r r a d i a t o r  a t  t h e  rate of 1.5 R/hr. The vo l t age  changes i n  
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pulmonary impedance were recorded on s t r i p  c h a r t  and on analog t a p e  

from which 4-minute d a t a  segments were s e l e c t e d ,  converted i n t o  

d i g i t a l  form and analyzed using an IBM-1800 computer. In our  system, 

i n  i ts  present  s t a g e  of development, d i g i t a l  d a t a  processing can be 

done i n  real time o r  i n  r e t r o s p e c t .  Af t e r  d i g i t a l  conversion, the 

d a t a  were processed wi th  a power s p e c t r a l  a n a l y s i s  program which 

computed power s p e c t r a l  estimates and r e s p i r a t o r y  va r i ances  that were 

graphed automatical ly .  

Selected impedance pneumograph traces obtained from a p a t i e n t  

rece iv ing  30 R/20 h r  day a t  an exposure rate of 1.5 R/hr are shown i n  

Fig. 37. The t o t a l  exposure was 250 R over an 8-day per iod.  These 

traces i l l u s t r a t e  t h a t  normal, r egu la r  b rea th ing  occurred throughout 

a l l  monitoring per iods.  

i s  r e f l e c t e d  by low-power s p e c t r a  and nonvarying f requencies  as shown 

i n  Fig. 38. During t h e  e n t i r e  exposure t h e  p a t i e n t ,  who had rece ived  

no previous r a d i a t i o n  therapy,  f e l t  w e l l  and d id  no t  develop nausea 

o r  l o s s  of a p p e t i t e .  I n  Fig. 39 t h e  pre- and postexposure pulmonary 

impedance traces from a p a t i e n t  r ece iv ing  30 R/day (1.5 R/min), 

t o t a l  exposure 150 R,  became inc reas ing ly  i r r e g u l a r  postexposure wi th  

inc reas ing  exposure accumulation up through day 4. The e f f e c t  of t h e  

last  f r a c t i o n a l  dose (30 R) appears t o  have been suppressed by 20 mg 

chlorpromazine adminis tered p r i o r  t o  exposure. 

pulmonary impedance are more e a s i l y  v i s u a l i z e d  i n  t h e  power s p e c t r a  

computed from them (Fig. 40). A l l  f i v e  postexposure pulmonary 

.impedance traces were obtained wi th in  30 min a f t e r  i r r a d i a t i o n .  

The r e g u l a r i t y  of t h e s e  impedance pneumographs 

The changes i n  

Subjec t ive  levels of postexposure g a s t r o i n t e s t i n a l  d i s t r e s s  experienced 

by t h e  p a t i e n t  are shown i n  Table 12. 

- 

These symptoms c o r r e l a t e d  w e l l  
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TABLE 12 

Patient Evaluation of G I  Distress that Followed 
Treatment with 30 R (1.5 R/min) Daily for 5 Days 

Accumulated Exposure 

Post 30 R 
Post 60 R 
Post 90 R 
Post 120 R 
Post 150 R 

Described G I  Distress 

None 
Mild 
Moderate 
Severe 
M i l d  

i 0 2 9 2 2 9  
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wi th  t h e  s t r i p  c h a r t  t r a c e s  and t h e  changes i n  t h e i r  power spectral 

reduct ions.  There i s  (Fig. 40) a p rogres s ive  i n c r e a s e  i n  t h e  s h i f t  

of pulmonary impedance waves t o  lower frequency and h igher  a p l i t u d e  

and power as r a d i a t i o n  exposure accumulates. 

that recovery from t h e  postexposure nausea, r e f l e c t e d  by t h e s e  changes, 

The p a t i e n t  r epor t ed  

occurred 2-8 h r s  later.  

pulmonary-impedance p a t t e r n s  and power s p e c t r a  a l s o  c o r r e l a t e d ,  as seen 

The relative absence of symptoms and pa thologic  

i n  Figs. 39 and 40, f o r  day 5. The d a i l y  pre t rea tment  pulmonary im- 

pedance t r a c e s  and t h e i r  power s p e c t r a  are remarkably uniform and 

normal, s u b s t a n t i a t i n g ,  apparent ly ,  t h e  p a t i e n t ' s  claim t h a t  symptoms 

of r a d i a t i o n  s ickness  were absent  a t  those  times. 

The comparison of dose rate e f f e c t s  was enhanced by t h e  f a c t  

t h a t  t h e  p a t i e n t  who rece ived  t h e  f r a c t i o n a t e d  r a d i a t i o n  therapy (see 

above) re turned  f o r  a d d i t i o n a l  r a d i a t i o n  t reatment  b u t t h e  exposure 

(150 R) was p ro t r ac t ed  (1.5 R/hr) over a %day per iod.  

impedance s t r i p  c h a r t  t r a c e s  recorded before ,  dur ing ,  and immediately 

Pulmonary 

a f t e r  t h e  the rapeu t i c  i r r a d i a t i o n  per iod i n d i c a t e  t h a t  r e s p i r a t o r y  

a l t e r a t i o n s  occurred p r i o r  t o  and e a r l y  i n t o  t reatment  and cons i s t ed  

pr imar i ly  of high amplitude (deep) brea th ing  (Fig. 41). Power s p e c t r a  

of pulmonary-impedance waveforms (Fig. 42) r e f l e c t  these f ind ings  and 

show t h a t  no s i g n i f i c a n t  pulmonary a l t e r a t i o n s  occurred throughout 

exposure a f t e r  t h e  i n i t i a l  changes. 

p re sen t  i n  t h e  power s p e c t r a  obtained i n  r e l a t i o n  t o  t h i s  dose 

p r o t r a c t i o n ,  however, low frequency s h i f t s  d id  occur i n  t h i s  same 

p a t i e n t  when t h e  exposure (150 R) was f r a c t i o n a t e d  (see above). 

These f i n d i n g s  are i n t e r p r e t e d  as being due t o  psychologically-induced 

No low-frequency components are 
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nausea r e l a t e d  t o  t h e  severe nausea experienced previously by t h i s  

same p a t i e n t  when given f r a c t i o n a t e d  i r r a d i a t i o n  therapy six months 

p r i o r .  

t h i s  experiment is w e l l  below t h e  300 r a d  dose ( s i n g l e  exposure) 

previously reported by Lushbaugh, e t  a l .  (Rad. Res. 30(7): 398)  

t h a t  r e s u l t e d  i n  a mean vomiting-onset time of 144 f 66 min. 

The f r a c t i o n a t e d  exposure (150 R) which induced nausea i n  

While 

t h i s  p a r t i c u l a r  p a t i e n t  may have a low radiation-induced G I  d i s t r e s s  

threshold,  t h e  dose rate in f luence  on t h e  human r a d i a t i o n  prodrome i s  

i l l u s t r a t e d .  

I n  order  t o  compare r a d i a t i o n  and pharmacologically induced 

g a s t r o i n t e s t i n a l  d i s t r e s s ,  w e  obtained power s p e c t r a  of pulmonary 

impedance waveforms from a normal male volunteer ,  aged 22,  who was 

administered an emetic ( ipecac) .  Power s p e c t r a  of t h e s e  pulmonary 

traces are shown i n  Fig.  43 and i l l u s t r a t e  s h i f t s  t o  high-power, 

low-frequency components a t  those times when t h e  s u b j e c t  experienced 

severe nausea (17-20 min) and when emesis occurred (49-52 and 57-60 

min, r e spec t ive ly ) .  These d a t a  demonstrate similar r e s p i r a t o r y  

phenomena occurred r e g a r d l e s s  of i t s  means of induct ion.  The quan t i ty  

of analog d a t a  obtained i n  t h i s  experiment encouraged us  t o  modify t h e  

computer program t o  a f f o r d  g r e a t e r  d a t a  reduction. 

is based on the fac t  t h a t  t h e  area under a pulmonary impedance power 

spectrum is t h e  t o t a l  va r i ance  i n  terms of amplitude and frequency of 

r e s p i r a t i o n .  

one-dimensional expression of t h e  l e v e l  of r e s p i r a t o r y  e f f o r t s .  

When t h i s  number i s  p l o t t e d  as it changes with time a continuous 

This  modif icat ion 

This s i n g l e  number can b e  computed and used as a 

graph i s  produced of t h e  va r i ance  i n  r e s p i r a t o r y  e f f o r t  throughout t h e  

1 0 2 9 2 3 3  
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monitoring per iod.  This new method r e q u i r e s  one-half t h e  previous 

computing time; t h e  output  c o n s i s t s  of two i n d i c e s  (a mean and t h e  

va r i ance  of t h e  power spectrum) t h a t  can b e  used without  graphing t h e  

ind iv idua l  power spectrum. I n  t h i s  case, t h e  mean i s  t h e  average 

t r a n s t h o r a c i c  vo l t age  as measured by t h e  impedance pneumography coupler ,  

while  t h e  va r i ance  is d i r e c t l y  p ropor t iona l  t o  t h e  area under t h e  power 

spectrum. 

n o t  graphed i n  t h i s  new system un les s  requested by t h e  i n v e s t i g a t o r  or 

c l i n i c i a n .  I n  add i t ion ,  t h i s  new method provides s e p a r a t e  a n a l y s i s  of 

each of four  consecutive minutes of pulmonary impedance d a t a  i n s t e a d  

of one combined a n a l y s i s  of fou r  minutes of data .  

average va r i ance  (four l-minute d a t a  pe r iods  /4) a l s o  is  provided. 

have defined t h e  minute-by-minute va r i ance  as t h e  continuous va r i ance  

and i t s  average over four  minutes as t h e  average var iance.  

The power spectrum of t h e  pulmonary impedance waveform i s  

An average mean and 

We 

Data obtained from t h e  volunteer  w i th  pharmacologically induced 

G I  d i s t r e s s  (see above) and analyzed by t h e  new method are shown i n  

Fig. 44. Increased continuous va r i ance  corresponds exac t ly  t o  t h e  

minute with t h e  occurrence of severe nausea (18th minute) and emesis 

(50th and 59th minute). 

w e l l  protrayed by t h e  average va r i ance  which tends t o  smooth t h e  d a t a  

without l o s ing  f i d e l i t y ,  Inferences drawn from d a t a  analyzed by both  

t h e  o l d  and new methods were t h e  same; t h a t  is, per iods of gastroin-  

t e s t i n a l  d i s t r e s s  were accompanied by high-power, low-frequency s h i f t s  

i n  t h e  power spec t r a .  

These changes i n  r e s p i r a t o r y  func t ion  a re  a l so  

Again, p l o t t i n g  only t h e  average var iance,  t h e  r a d i a t i o n  prodromal 

syndrome is a l s o  w e l l  demonstrated i n  t h e  physiological  d a t a  taken a t  

I 0 2 9 2 . 3 5  
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va r ious  times Over several days be fo re  and a f t e r  i r r a d i a t i o n  p repa ra to ry  

to  bone marrow t r ansp lan ta t ion .  Figure 45 shows d a t a  from a p a t i e n t  

who received 500 R (40 R/min) t o t a l  body gamma i r r a d i a t i o n .  Average 

va r i ance  of t h e  pulmonary impedance was v e r y  s t a b l e  over a per iod 10 

days be fo re  and during i r r a d i a t i o n .  However by 50 min p o s t i r r a d i a t i o n  

t h e  p a t i e n t  demonstrated a s h i f t  i n  t h i s  va r i ance  t h a t  c o r r e l a t e d  with 

nausea and emesis. 

r e t u r n  as ind ica t ed  by 12-15 h r s  of pulmonary impedance d a t a  c o l l e c t i o n  

on each of f o u r  consecutive days p o s t i r r a d i a t i o n .  

who received 500 r a d s  (694 R, 38 R/min) p r i o r  t o  bone marrow transplan- 

t a t i o n  no nausea or  vomiting was experienced and pulmonary impedance 

power s p e c t r a  a n a l y s i s  confirmed t h e  l a c k  of t h e s e  s i g n s  and symptoms, 

t h a t  is, a r e l a t i v e l y  constant  average variance w a s  recorded over  

several days pre- and p o s t i r r a d i a t i o n .  

w a s  during a severe c h i l l  and a t r i a l  f i b r i l l a t i o n  beginning about 3 h r s  

p o s t i r r a d i a t i o n  and continuing f o r  some 4 h r s .  

heav i ly  sedated with tho raz ine  j u s t  p r i o r  t o  r ece iv ing  t h e  500 rads .  

We a l s o  had t h e  opportuni ty  t o  determine t h e  e f f e c t  of 

The changes subsided wi th in  24 h r  and d i d ' n o t  

I n  another  p a t i e n t  

The only s i g n i f i c a n t  i n c r e a s e  

The p a t i e n t  was, however, 

a c c i d e n t a l  radiation-induced nausea and vomiting on pulmonary impedance 

i n  a young, h e a l t h  male (aged 31 y r s )  who received 260 rem (350 R/min) 

t o t a l  body g a m a  i r r a d i a t i o n .  Physiological  monitoring commenced 4 h r  

p o s t i r r a d i a t i o n  and per iods of amplified average va r i ance  of t h e  

pulmonary impedance c o r r e l a t e d  w e l l  w i th  nausea and emesis (Fig. 46). 

(The accident  v i c t im  had vomited several times before  t h e  i n i t i a t i o n  of 

physiological  monitoring.) Continuous monitoring of t h e  phys io log ica l  

s t a t u s  of t h i s  accident  victim revealed t h a t  during per iods of s l e e p  

1 0 2 9 2 3 1  
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t h e  va r i ance  diminished, sp ik ing  when t h e  v i c t i m  roused, and increased 

s i g n i f i c a n t l y  upon awakening t h e  following morning. 

occurred when b r e a k f a s t  was brought i n t o  t h e  p a t i e n t ' s  room al though 

nothing was eaten.  

subsided. 

Emesis a g a i n  

By 24 h r s  p o s t i r r a d i a t i o n  nausea and vomiting had 

These d a t a  on pharmacologically-induced, t h e r a p e u t i c  and 

a c c i d e n t a l  radiation-induced nausea and vomiting demonstrate i n o r d i n a t e l y  

w e l l  t h e  c a p a b i l i t y  of pulmonary impedance power s p e c t r a l  a n a l y s i s  t o  

r e f l e c t  per iods of g a s t r o i n t e s t i n a l  d i s t r e s s .  

Physica 2 Performance. 

A. Controlled Exercise S t r e s s  i n  I r r a d i a t e d  Man. 

Having s u c c e s s f u l l y  measured radiation-induced g a s t r o i n t e s t i n a l  

d i s t r e s s  using pulmonary impedance power s p e c t r a l  a n a l y s i s ,  we attempted, 

using t h i s  same system, t o  measure radiation-induced f a t i g u e .  

knowledge t h a t  both therapy p a t i e n t s  and acc iden t  v i c t i m s  experience post-  

i r r a d i a t i o n  episodes of easy f a t i g u a b i l i t y .  

t h i s  easy f a t i g u a b i l i t y  have only been q u a l i t a t i v e l y  descr ibed and 

shown t o  vary g r e a t l y  with r e s p e c t  t o  s u b j e c t i v e  s e v e r i t y  and du ra t ion .  

We attempted t o  d e t e c t  and q u a n t i t a t i v e l y  measure t h i s  easy f a t i g u a b i l i t y  

using changes i n  pulmonary impedance waveform as previously descr ibed.  

A l l  s u b j e c t s  (normal vo lun tee r s  and therapy p a t i e n t s )  p a r t i c i p a t i n g  i n  

t h e s e  exercise s t u d i e s  were f u l l y  informed of t h e  procedures,  t h e i r  

experimental  na tu re ,  r i s k s  involved, etc. be fo re  rendering t h e i r  

consent as descr ibed by t h e  U .  S. Department of Health,  Education and 

Welfare and review by our Human Use Committee on an annual b a s i s .  

It i s  common 

However, d e s c r i p t i o n s  of 

I n  evaluat ing t h e  performance decrement e f f e c t s  of t o t a l  body 

i r r a d i a t i o n ,  we f i r s t  determined t h a t  t h e  stress of exercise modified 

I O n 2 4 0  
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pulmonary impedance i n  a way t h a t  power s p e c t r a l  a n a l y s i s  could 

measure, Normal (non-1eukemic)volunteers exercised,  under c o n t r o l l e d  

condi t ions,  on a b i c y c l e  ergometer f o r  s p e c i f i c  pe r iods  a t  s tandard 

workloads and were monitored before ,  during, and a f t e r  e x e r c i s e  stress. 

Pos texe rc i se  monitoring was gene ra l ly  continued f o r  a t  least 30 min 

following c e s s a t i o n  of exercise. Typical r e s u l t s ,  shown i n  Fig. 4 7 ,  are 

from a volunteer  exe rc i s ing  a g a i n s t  a workload of 60 watts, pedaling a t  

a speed of 50 RPM f o r  8 min. 

by deep, high frequency breathing,  during and immediately following 

e x e r c i s e  is ind ica t ed  by inc reases  i n  both continuous and average 

variances of t h e  power spectrum. The continuous va r i ance  p l o t  i n d i c a t e s  

t h a t  per iods of deep breathing cycled with per iods of normal b rea th ing  

approximately every 5 min. 

increased r e s p i r a t o r y  demand a f t e r  exercise. 

Increased r e s p i r a t o r y  demand, r e f l e c t e d  

The average va r i ance  p l o t  l i kewise  r e f l e c t e d  

To compare t h e  response of i r r a d i a t e d  men and u n i r r a d i a t e d  

volunteers ,  normal males (aged 30 t o  40 y r s )  were monitored during con- 

t r o l l e d  b i cyc l ing  a t  workloads comparable t o  those used f o r  p a t i e n t s .  

I n  a t y p i c a l  s tudy,  each of f i v e  normal males, who had no t  had previous 

experience with b i c y c l e  ergometry, exercised under con t ro l l ed  ergometry 

two o r  t h r e e  times weekly f o r  four  consecutive weeks. The r e s u l t s  i n  

Fig. 48 show t h a t  normal man t y p i c a l l y  responds t o  moderate exercise by 

an inc rease  i n  pulmonary impedance ( a s  measured by i t s  average va r i ance ) .  

A decrease i n  the evaluat ion of pulmonary impedance during con t ro l l ed  

work developed p rogres s ive ly  during t h e  f i r s t  week and a ha l f  a f t e r  

which t h e  exercise-induced response w a s  r e l a t i v e l y  constant ,  probably 

due t o  adap ta t ion  t o  t h e  e x e r c i s e  workloads. This e f f e c t  is  similar t o  

1 0 2 9 2 4 1  
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"training" b u t  d i f f e r s  i n  t h a t  t r a i n i n g  would probably r e q u i r e  8 t o  10  

weeks during which t h e  work l e v e l s  would be  p rogres s ive ly  increased.  

All normal persons monitored showed t h i s  decrease during t h e i r  second 

and t h i r d  exercise per iod ( f i r s t  week of c o n t r o l l e d  exercise t e s t i n g ) .  

There were no s i g n i f i c a n t  changes i n  t h e  pulmonary impedance measured 

p r i o r  t o  each exercise per iod or a t  %15 m i n  p o s t e x e r c i s e  over t h e  one 

month test  period. 

The pulmonary impedance va r i ance  generated by c o n t r o l l e d  exercise 

stress d i f f e r e d  i n  one s i g n i f i c a n t  way from t h e  induced by gas t ro -  

i n t e s t i n a l  d i s t r e s s .  That is ,  during exercise stress t h e  v a r i a n c e  is 

due t o  high frequency (<20 cpm) b rea th ing  wh i l e  t h a t  induced by G I  

d i s t r e s s  is pr imar i ly  due t o  low frequency ( > l o  cpm), b r e a t h  holding 

r e s p i r a t i o n .  

t o  recognize and descr iminate  (under l abora to ry  cond i t ions )  between G I  

d i s t r e s s  and exercise stress. 

This b a s i c  d i f f e r e n c e  thus allowed our system of a n a l y s i s  

Following t h e s e  i n i t i a l  s t u d i e s ,  pulmonary Impedance was measured 

i n  s e l e c t e d  p a t i e n t s  exe rc i s ing  on t h e  ergometer before,  during,  and 

after total-body i r r a d i a t i o n  therapy. 

of t h e i r  d i s e a s e  without malaise of o t h e r  symptoms of d i s t r e s s ,  were 

monitored i n  t h i s  study. 

comparable t o  non i r r ad ia t ed  vo lun tee r s ,  determined by preexposure 

tests t o  be w i t h i n  t h e i r  c a p a b i l i t i e s .  

f i e l d  during t h e  exercise test  period. 

a f t e r  exercise i n  i r r a d i a t e d  p a t i e n t s  w a s  similar t o  t h a t  of t h e  non- 

i r r a d i a t e d  test s u b j e c t s .  However, t h e  i n c r e a s e  was amplif ied af ter  

r a d i a t i o n  exposure was  i l l u s t r a t e d  i n  t y p i c a l  performance p r o f i l e s  from 

Only p a t i e n t s  i n  chronic  states 

P a t i e n t s  exercised a t  submaximal work levels 

They were n o t  i n  t h e  r a d i a t i o n  

Increased r e s p i r a t o r y  demand 
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. 
two therapy p a t i e n t s  (Figs. 49 and 50). F a t i g u a b i l i t y  increased 

(performance decrement) on t h e  t h i r d  day p o s t i r r a d i a t i o n  and appeared 

t o  subside w i t h i n  10 days t o  two weeks. 

We have def ined t h e s e  per iods of increased r e s p i r a t o r y  e f f o r t  

(amplified impedance) as diminished e x e r c i s e  capac i ty  (DEC). 

son of pulmonary impedance d a t a  from therapy p a t i e n t s  who p a r t i c i p a t e d  

A compari- 

i n  con t ro l l ed  exercise stress t e s t i n g  (and demonstrated DEC) w i th  

normal, c o n t r o l  vo lun tee r s  i s  shown i n  Fig. 51. When t h e  response t o  

e x e r c i s e  (var iance during exercise stress) was normalized t o  pretreatment  

va lues ,  therapy p a t i e n t s  began t o  adapt t o  submaximal stress loads ,  as 

d id  con t ro l s ,  b u t  t h i s  adap ta t ion  w a s  i n t e r r u p t e d  by exposure accumulation 

apparent ly  i n  a dose rate dependent manner. 

therapy p a t i e n t s  experienced DEC. 

ergometry 8 responded wi th  DEC and gene ra l ly  t h e s e  were men as opposed 

t o  women even thoughworkloads were comparable. 

Not a l l  exercise-s t ressed 

Of 11 p a r t i c i p a t i n g  i n  con t ro l l ed  

Our hypothesis t h a t  DEC i s  ind ica t ed  by amplified pulmonary 

impedance va r i ance  (due t o  increased r e s p i r a t o r y  e f f o r t  t o  perform a t  

non-varying workloads) is supported by s t u d i e s  t h a t  demonstrate a d i r e c t  

r e l a t i o n s h i p  between work and impedance. 

ergometer is  increased,  r e s p i r a t o r y  e f f o r t  increases and t h e r e f o r e  

pulmonary impedance. Furthermore, t h e r e  appears t o  b e  a l i n e a r  rela- 

t i o n s h i p  between workload (up t o  s u b j e c t ' s  maximal e f f o r t s )  and pulmonary 

impedance as i l l u s t r a t e d  i n  Fig. 52. These t y p i c a l  d a t a  were generated 

by alternate 2 min work/rest  cyc le s  and a l s o  i l l u s t r a t e  ca rd iac  r a t e  

changes. I n  l i g h t  of t h e  response of r a d i a t i o n  therapy p a t i e n t s  t o  

con t ro l l ed  e x e r c i s e  stress, i t  i s  t h e r e f o r e  p o s s i b l e  t h a t  amplif ied 

That is, as workload on t h e  
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pulmonary impedance during and a f t e r  i r r a d i a t i o n  r e f l e c t s  a physio- 

l o g i c a l  deconditioning (DEC) t o  a non-varying workload. 

d id  n o t  s o l i c i t  v e r b a l  opinions from t h e s e  therapy p a t i e n t s  ( f o r  fear 

of b i a s ing  t h e  r e s u l t s )  two of them d id  a s k  i f  t h e  workload had been 

Although w e  

increased o r  decreased. 

a s i g n i f i c a n t  i n c r e a s e  o r  decrease i n  pulmonary impedance r e spec t ive ly .  

I n  each case th i s  i n q u i s i t i v e n e s s  c o r r e l a t e d  t o  

A s i m i l a r  time-course s tudy  of  radiation-induced performance 

decrement w a s  made using t h i s  method a f t e r  t h e  a c c i d e n t a l  TBI of a man 

t o  260 rem of 6oCo gamma r a y s  f o r  approximately 40 sec a t  350 R/min. 

H i s  estimated bone marrow depth dose, based on thermoluminescent dosimetry,  

was 115-155 rads.  Pulmonary-impedance measurements during c o n t r o l l e d  

exercise were obtained commencing t h r e e  days postexposure and on a r e g u l a r  

b a s i s  f o r  a t o t a l  of 60 days. 

t o l e rance  a g a i n s t  a workload of 50 watts. 

I n i t i a l l y  he exercised t o  h i s  s u b j e c t i v e  

There w a s  one minute of 

exercise on t h e  t h i r d  day bu t  t o l e rance  p rogres s ive ly  increased t o  30 

min u n t i l  on t h e  7th day postexposure t h e  workload w a s  doubled t o  100 

w a t t s .  A t  t h i s  exercise level,  h i s  exercise t o l e r a n c e  time remained 

r e l a t i v e l y  constant  a t  %6 min. 

impedance w a s  reached w i t h i n  t h e  f i r s t  6-8 min of each exercise test 

The z e n i t h  of va r i ance  i n  pulmonary 

period. The r e s u l t s  are summarized i n  Fig.  53. Decrement i n  performance 

occurred a t  days 7 through 1 3  and then a t  unpredictable  t imes t h e r e a f t e r .  

Su rp r i s ing ly ,  during t h e  f i r s t  week a f t e r  exposure w e  f a i l e d  t o  

demonstrate any s i g n i f i c a n t  changes i n  t h e  r e s p i r a t o r y  variance of 

t h i s  man even though he s a i d  he was exe rc i s ing  t o  to l e rance .  H i s  

s u b j e c t i v e  symptoms of f a t i g u e  were apparent ly  n o t  r e s p i r a t o r y  as i n  

the  radiation-induced f a t i g u e  of our  i r r a d i a t e d  p a t i e n t s .  Th i s  obser- 

v a t i o n  suggested t h a t  radiation-induced f a t i g u e  w a s  n o t  always d i r e c t l y  
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. 

r e l a t e d  t o  s h i f t s  i n  t h e  pulmonary-impedance power s p e c t r a  and t h e i r  

var iance.  Perhaps i n  persons i n  good phys ica l  cond i t ion  r e s p i r a t o r y  

reserves are too l a r g e  f o r  our system of exercise stress t o  e l i c i t  s i g n s  

of performance decrement even though r e s p i r a t o r y  o r  v a s c u l a r  changes 

have been induced by i r r a d i a t i o n .  

explained on t h e  b a s i s  of c r e a t i n e  phosphokinase s t u d i e s  i n  t h i s  acc iden t  

This  dichotomy i n  our  r e s u l t s  may be 

victim. 

m u s c l e  enzyme r o s e  s i g n i f i c a n t l y  and remained high f o r  a few days. 

c r e a t i n e  phosphokinase levels r e tu rned  t o  normal pulmonary impedance 

increased. 

t i v e  agent" aga ins t  DEC. 

Chapter V, C . )  

Following t h e  f i r s t  exercise pe r iod  t h e  serum l e v e l  of t h i s  

When 

It is unclear  i f  c r e a t i n e  phosphokinase served as a "protec- 

(These enzyme d a t a  are f u l l y  discussed i n  

I r r a d i a t i o n  therapy i n  t h e  absence of e x e r c i s e  stress f a i l e d  t o  

cause any s i g n i f i c a n t  s h i f t  i n  pulmonary impedance va r i ance  when 

measured before ,  during,  o r  a f t e r  exposure. These b a s a l ,  r e s t i n g  

pulmonary impedance va lues  a r e  i l l u s t r a t e d  i n  Fig.  54. I n  p a t i e n t s  

subjected t o  both r a d i a t i o n  and e x e r c i s e  stress t h e r e  were some i n c r e a s e s  

i n  b a s a l  r e s t i n g  pulmonary impedance during and s h o r t l y  a f t e r  therapy. 

Whether t hese  b a s a l  changes were due t o  metabolic a l t e r a t i o n s ,  t r a n s i e n t  

pulmonary edema o r  pulmonary vascu la r  inflammation is  no t  clear. 

F i n a l l y ,  t h e s e  s t u d i e s  using pulmonary impedance waveform a n a l y s i s  

demonstrate t h a t  t h i s  noninvasive and remote monitoring technique can 

q u a l i t a t i v e l y  recognize radiation-induced DEC and t h a t  t h e  performance 

changes measured thereby are s i g n i f i c a n t  b u t  r e v e r s i b l e  i n  man 

accumulating up to ~ 3 0 0  R. 

I O 2 9 2 5 2  
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B. Controlled Exercise S t r e s s  i n  I r r a d i a t e d  Ponies 

Many physiologic  s t u d i e s  i n  t h e  p a s t  involving man have demon- 

s t r a t e d  t h a t  i n  t h e  event of unusual environmental stress (e.g., 

zero-G, t o t a l  bed-rest)  t h e  exercise-conditioned man demonstrates a 

g r e a t e r  l o s s  of exercise to l e rance  (more decondi t ioning)  than t h e  

untrained ind iv idua l .  

who demonstrated va r ious  l e v e l s  of severe decondi t ioning upon r e t u r n  

t o  e a r t h  g r a v i t y  following extended manned-spacecraft missions.  

This phenomenon has  been seen i n  NASA a s t r o n a u t s  

A c o l l a b o r a t i v e  study w a s  undertaken wi th  t h e  UT-AEC Comparative 

Animal Research Laboratory t o  determine i n  a l a r g e  experimental  animal 

t h e  e f f e c t  of condi t ioning e x e r c i s e s  on t h e  expected changes i n  

pulmonary impedance waveform. 

ponies subjected t o  con t ro l l ed  e x e r c i s e  stress were used. These 1 2  

ponies had been s tud ied  over a s i x  year period beginning i n  1966 t o  

determine t h e  e f f e c t  of a prompt r a d i a t i o n  exposure upon exercise 

to l e rance  and were scheduled now t o  be  k i l l e d .  

six ponies received 650 R TBI exposures of gamma r a d i a t i o n  and six served 

as un i r r ad ia t ed  c o n t r o l s ;  t h e i r  pulmonary and ca rd iac  rates and rectal 

temperature were measured and used t o  eva lua te  physiologic  response t o  

e x e r c i s e  and temperature stress. The r e s u l t s  showed only t h a t  i r r a d i a t e d  

ponies d id  n o t , d i s s i p a t e  body temperature normally when worked i n  h o t  

environments ( > 8 5 " )  and no o t h e r  well-defined physiologic  e f f e c t s  of 

i r r a d i a t i o n  could be demonstrated. 

I r r a d i a t e d  and non i r r ad ia t ed  Shetland 

I n  t h e  previous s tudy 

I n  t h e  c u r r e n t  s tudy w e  exposed e i g h t  of t h e s e  ponies t o  270 R 

a t  30 R/day. 

where the  f i r s t  number i n d i c a t e s  p r i o r  i r r a d i a t i o n  and t h e  second 

The ponies were pa i r ed  according t o  t h e  following scheme, 



number t h e  exposure received i n  t h e  cu r ren t  study: 

0 + 270, 650 + 270. 
conditioned f o r  s ix  weeks p r i o r  t o  i r r a d i a t i o n  ( cu r ren t  s tudy) ,  t h e  

o the r  six exercised only one week p r i o r  t o  i r r a d i a t i o n .  

consis ted of p u l l i n g  a brake-loaded cart  and is described later.  

Creat ine phosphokinase d a t a  from these  ponies (see Table 16,  Chapter V) 

while q u i t e  v a r i a b l e ,  demonstrated aga in  (as seen i n  our human s t u d i e s )  

t h a t  i r r a d i a t i o n  and/or e x e r c i s e  stress r e s u l t  i n  increases i n  CPK 

levels. 

an a d d i t i o n a l  250 R o r  no a d d i t i o n a l  i r r a d i a t i o n  o r  exercise conditioning) 

demonstrated t h e  g r e a t e s t  change i n  CPK response,  suggest ing t h a t  sme 

permanent biochemical l e s i o n  had r e s u l t e d .  

t h i s  change is  discussed later i n  r e l a t i o n  t o  changes i n  pulmonary 

impedance va r i ance  i n  t h i s  group of ponies. 

0 + 0,  650 + 0, 

In  add i t ion ,  s i x  of t h e  twelve ponies were exercise 

The exercise 

Animals t h a t  had received 650 R previously (with o r  without  

The poss ib l e  s i g n i f i c a n c e  of 

To measure t h e  e f f e c t s  of exe rc i se  condi t ioning p r i o r  t o  i r r a d i a -  

t i o n  and its e f f e c t  on performance decrement, two of fou r  teams of ponies 

were preconditioned s i x  weeks p r i o r  t o  i r r a d i a t i o n  (270 R):  

teams exercised under con t ro l l ed  condi t ions only one week p r i o r  t o  

i r r a d i a t i o n .  One team of c o n t r o l s  w a s  exercise conditioned, t h e  o the r  

w a s  not.  

t h e  o the r  two 

Controlled e x e r c i s e  t e s t i n g  w a s  accomplished using matched, t r a i n e d  

teams of ponies accustomed t o  pu l l ing  a brake-loaded cart around a c i r c u l a r  

t r ack .  

horsepower f o r  30 min each human workday (M-F) f o r  constant  per iods of 

time. 

Each pony worked aga ins t  a workload equal  t o  a r e s i s t a n c e  of 3 / 4  

I n  t h e  preconditioned group of ponies,  t h e  t o t a l  work period s tud ied  
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was five weeks prior to and six weeks after irradiation; in the non- 

conditioned ponies, it was one week prior to and six weeks after 

irradiation. 

In all ponies that participated in this study, the pulmonary- 

impedance variance data were similar to that seen in the normal man when 

subjected to controlled exercise testing. There was a general trend for 

the pulmonary-impedance variance to decrease (or remain relatively 

constant) over the conditioning period. In preconditioned ponies this 

gradual reduction in pulmonary-impedance variance was interrupted by the 

onset of TBI (30 R/1 -hr day), and was reflected by an increase in 

pulmonary-impedance variance. This increased variance in irradiated, 

preconditioned ponies was evident for three to four weeks postirradiation 

after which the variance values began to decrease. However, a similar 

shift in the pulmonary-impedance variance was noted in a preconditioned 

control pony that was forced to stand in its stall for 16 hrs/day to 

simulate the postural restriction of the ponies during their irradiation. 

This result suggests that the mechanism for irradiation-induced fatigue 

may be similar to that physiologic response induced by the prevention 

of supine rest (16-hr duration) in the pony. 

When compared to preconditioned ponies, pulmonary-impedance 

variance of non-preconditioned ponies did not appear to be as severely 

affected by TBI. 

demonstrate an increased pulmonary-impedance variance postirradiation, 

with the exception of one animal that showed significantly increased 

Indeed, non-preconditioned ponies did not, as a group, 

variance during the nine-day irradiation period. 

ditioned control pony, non-preconditioned controls demonstrated 

As in the precon- 
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increased pulmonary-impedance va r i ance  i n  response t o  s tanding 1 6  hrs/day. 

These d a t a  are summarized i n  Figs. 55, 56, and 57. 

No d e f i n i t e  c o r r e l a t i o n s  were found i n  pulmonary-impedance 

va r i ance  d a t a  of t h e s e  ponies t h a t  would i n d i c a t e  t h a t  a permanent 

physiologic  l e s i o n  was present  as a r e s u l t  of t h e  650 R exposure f i v e  y e a r s  

p r i o r  t o  t h e  cu r ren t  s tudy (270 R) .  The r e s u l t s  do, however, suggest 

t h a t  exe rc i se  precondi t ioning may lower t h e  r a d i a t i o n  threshold f o r  in- 

creased f a t i g a b i l i t y .  

i n  l i g h t  of t h e  demanding p r e f l i g h t  conditioni.ng and t h e  phenomenon of 

p o s t f l i g h t  cardiovascular  deconditioning noted i n  NASA manned-space-flight 

personnel. 

This i n f luence  of precondi t ioning may be important 

A t  t h e  end of t h e  s tudy a l l  ponies were k i l l e d  and necropsied t o  

permit evaluat ion of t h e  ex ten t  of any vascu la r  r a d i a t i o n  e f f e c t s .  

Specimens of lungs,  kidneys, testes, and s k i n  were s tud ied  h i s t o l o g i c a l l y  

f o r  t h i s  purpose. 

e f f e c t s  and testes t o  eva lua te  t h e  levels of acu te  damage and subsequent 

r e p a i r  of t h e  e f f e c t s  of t h e  two exposures. 

determine whether Brown's*observation t h a t  i r r a d i a t e d  ponies were 

r e l a t i v e l y  hea t  i n t o l e r a n t  

induced i n  sweat-gland s t r u c t u r e .  

Lung and kidney were chosen t o  study la te  r a d i a t i o n  

The s k i n  w a s  s tud ied  t o  

during e x e r c i s e  might be r e l a t e d  t o  damage 

Ob jec t iv i ty  w a s  obtained i n  t h i s  h i s t o l o g i c  s tudy by coding a l l  

s l i d e  p repa ra t ions  so t h a t  i nd iv idua l  ponies and t h e i r  i r r a d i a t i o n  

h i s t o r i e s  were no t  i d e n t i f i a b l e .  After  a l l  t h e  h i s t o l o g i c  a p p r a i s a l s  

were f i n i s h e d ,  a d i agnos t i c  i n t e r p r e t a t i o n  w a s  made as t o  whether o r  no t  

t h e  changes seen were r e l a t e d  t o  any i r r a d i a t i o n ,  650 R only,  270  R 

only,  t h r e e  months o r  s i x  weeks p r i o r  t o  necropsy, and 270 R in combination 

*Dr .  Dan Brown, D.V.M., formerly with UT-CARL. 
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w i t h  t h e  previous 650 R exposure. 

were then decoded and compared wi th  t h e  a c t u a l  h i s t o r i e s  of t h e  ponies.  

The r e s u l t s  of t h i s  s tudy,  i n  sunrmary, were as follows. 

This a p p r a i s a l  and its i n t e r p r e t a t i o n  

Changes seen i n  pulmonary alveolar-wall  col lagen and glomerular 

and a r t e r i o l a r  v a s c u l a t u r e  d id  not c o r r e l a t e  with e i t h e r  t h e  degree of 

change i n  ind iv idua l  physiologic  response t o  e x e r c i s e  o r  with t h e  i r r ad -  

i a t i o n  h i s t o r y .  I n  t h e  one pony i n  which t h e  h i s t o l o g i c  changes i n  lung 

and kidney were extreme and obviously due t o  r a d i a t i o n ,  t h e  animal 

could not  be t e s t e d  phys io log ica l ly  because he was lame. 

only t h r e e  in s t ances  of unquestionable pulmonary and l a t e  r e n a l  vascu la r  

e f f e c t s  r e l a t e d  t o  t h e  i r r a d i a t i o n  experience of t h e  animal were found. 

I n  t h e  kidneys of most ponies t h e  r e l a t i o n  of vascu la r  changes t o  

i r r a d i a t i o n  w a s  obscured by t h e  presence of changes t y p i c a l  of i n t e r c u r r e n t  

o r  chronic i n t n r s t i t i a l  n e p h r i t i s  o r  chronic pye lonephr i t i s .  I n  t h e  lungs,  

t h e  unfortunate  presence of chronic  bronchiolar  inflammation and pe r i -  

bronchial  lymphoid i n f i l t r a t i o n  i n  most ponies made eva lua t ion  of 

minimal degrees of a l v e o l a r  s c l e r o s i s  impossible. 

Remarkably, 

The h i s t o l o g i c  a p p r a i s a l  of t h e  changes i n  t h e  testes, however, 

c o r r e l a t e d  d i r e c t l y  with t h e  i r r a d i a t i o n  h i s t o r i e s .  

had received only 650 R exposure had prominent f o c i  of regenerat ion of 

t e s t i c u l a r  t ubu la r  germinal epi thel ium s c a t t e r e d  among seve re ly  a t r o p h i c  

tubules .  Those t h a t  had received a r ecen t  second exposure of 270 R ,  i n  

a d d i t i o n  t o  t h e  650 R,  had l o s t  t h e s e  r egene ra t ive  f o c i ,  while  t hose  

with no previous exposure and only a r ecen t  270 R exposure showed 

germinal e p i t h e l i a l  atrophy without accompanying tubu la r  s c l e r o s i s .  

The ponies t h a t  
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The un i r r ad ia t ed  ponies had h i s t o l o g i c a l l y  normal testes. 

h i s t o l o g i c  interest, one pony had an adenomatous f o c a l  e p i t h e l i a l  change 

t h a t  could be  i n t e r p r e t e d  as being n e o p l a s t i c ,  and several o t h e r s  had 

such an extreme f o c a l  i n c r e a s e  i n  i n t e r s t i t i a l  cel ls  (Leydig) t h a t  doubt 

was cast on t h e  v a l i d i t y  f o r  t h i s  spec ie s  of t h e  widely held radiopatho- 

l o g i c a l  concept t h a t  t h e  h i s t o l o g i c  increase i n  t h e s e  cells a f t e r  

i r r a d i a t i o n  is apparent and no t  real. 

most extreme i n  those animals t h a t  received t h e  sma l l e r  more r e c e n t  

exposures. 

Of pu re ly  

This i n c r e a s e  i n  Leydig ce l l s  was 

Although t h e  s e c t i o n s  of s k i n  were a l l  taken from t h e  same anatomical 

locus i n  a l l  animals,  t h e  number of sweat glands i n  them w a s  h igh ly  

v a r i a b l e  and d id  not  c o r r e l a t e  with r a d i a t i o n  h i s t o r y .  

The negat ive r e s u l t s  of t h i s  h i s t o l o g i c  s tudy s t rengthened our 

b e l i e f  t h a t  t h e  changes we have been f i n d i n g  i n  t h e  exercise t o l e r a n c e  

of i r r a d i a t e d  men r e f l e c t  r e v e r s i b l e  metabolic r a t h e r  than i r r e v e r s i b l e  

anatomical changes. 

2. Cardiac Rate/Oxygen Consumption 

While our s t u d i e s  of pulmonary impedance power s p e c t r a l  a n a l y s i s  

proved u s e f u l  i n  a s ses s ing  l e v e l s  of radiation-induced G I  d i s t r e s s  and 

diminished e x e r c i s e  capaci ty ,  w e  continued t o  search f o r  o t h e r  physio- 

l o g i c  i n d i c a t o r s  t h a t  were more t r i e d  and t e s t e d  f o r  measuring changes 

i n  stress response. Two such physiologic  parameters, p a r t i c u l a r l y  f o r  

measuring exercise stress responses,  are ca rd iac  rate and r e s p i r a t o r y  

gas ana lys i s .  

stress t e s t i n g  and not t o  per iods of G I  d i s t r e s s  s i n c e  few s i g n i f i c a n t  

changes were noted i n  p a t i e n t s  experiencing radiation-induced nausea 

and vomiting. 

Cardiac rate a n a l y s i s  w a s  p r imar i ly  confined t o  exercise ' 

Those c a r d i a c  rate a l t e r a t i o n s  during nausea and vomiting 

I0292b2 
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were gene ra l ly  s i n u s  rhythm i n  

(vagal)  looping accompaning low frequency, deep breathing.  

nonexercise stress, i r r a d i a t e d  p a t i e n t  d i d  w e  record s i g n i f i c a n t  altera- 

na tu re  r e s u l t a n t  from parasymphatic 

I n  only one 

t i o n s  i n  ca rd iac  rate. 

e a r l y  p o s t i r r a d i a t i o n  hours i n  a man exposed t o  694 R (500 r a d s )  

whole-body gamma i r r a d i a t i o n  p r i o r  t o  bone marrow t r ansp lan ta t ion .  

This  occurred during a t r i a l  f i b r i l l a t i o n  i n  t h e  

Over 

a per iod commencing abour fou r  hours p o s t i r r a d i a t i o n  and cont inuing f o r  

two-three hours,  t h e  ca rd iac  rate increased from 85 t o  185 beats/minute.  

This p a t i e n t  had previously experienced a t r ia l  f i b r i l l a t i o n  and t h i s  

cu r ren t  episode was con t ro l l ed  by conventional chemotherapy. 

E f f o r t s  t o  c o r r e l a t e  ca rd iac  ra te ,  pulmonary impedance, and 

expired ( a lveo la r )  C02 changes during e x e r c i s e  stress showed (Table 13) 

good d a t a  f i t .  

a r t i f a c t s  as w e  had discovered ear l ier  i n  ergometric t e s t i n g ,  

of con t ro l l ed  stress were cha rac t e r i zed  by inc reases  i n  pulmonary 

impedance var iance,  ca rd iac  ra te ,  and expired CO 

during increased r e s p i r a t o r y  demand. 

t h e  r e l a t i o n s h i p  between pulmonary impedance and a l v e o l a r  CO 

i n  another study. 

measuring 0 

(VO2) with pulmonary impedance var iance.  

of t h i s  V02: impedance c o r r e l a t i o n .  This c o r r e l a t i o n  can be obtained 

only when t h e  i n v e s t i g a t o r  is  reasonably s u r e  t h a t  no motion a r t i f a c t s  

are present  i n  t h e  pulmonary impedance waveform. Thus, t hese  c o r r e l a t i o n s  

of pulmonary impedance var iance with ca rd iac  ra te ,  C02 production, and O2 

consumption ind ica t ed  t h a t  impedance measurements could provide meaningful, 

However, pulmonary impedance w a s  s u b j e c t  t o  minor motion 

Periods 

as would be expected 2 

Figure 58 graph ica l ly  i l l u s t r a t e s  

concen t r a t ion  2 
F i n a l l y ,  w i th  t h e  a c q u i s i t i o n  of a system f o r  

consumption rates,  w e  attempted t o  c o r r e l a t e d  O2 consumption 2 

Figure 59 shows t y p i c a l  r e s u l t s  

1 0 2 9 2 b 3  



TABLE 13 

Relat ionship Between Pulmonary Impedance, Alveolar C02 
and Cardiac Rate i n  a Normal Volunteer 

Exercising on a Bicycle  Ergometer 

Ra t io  
Pulmonary c02/ Heart rate/ 
impedance b a s a l  C02 b a s a l  h e a r t  

Mon i t o r  inE p e r i od va r i ance  rate 

Preexercise* 4 1  1.00 1.00 
During exe rc i se  497 1.45 1.70 
End exercise -t 4 min 301 1.25 1.20 
End exercise + 8 min 61 1.01 1.13 

End exercise + 1 2  min 58 1.00 1.12 
End exe rc i se  + 16 min 4 6  1.00 1.07 
End e x e r c i s e  + 20 min 64 1.00 1.08 
End exe rc i se  + 24 min 51 1.00 1.08 
End exercise + 28 rnin 65 1.00 1.05 

*Data measured a t  5 rnin p r i o r  t o  b i c y c l e  ergometry (50 w a t t  
workload). 
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remotely monitored, physiologic  information regarding human phys ica l  

performance p o s t i r r a d i a t i o n .  Notwithstanding, we  continued t o  sea rch  

fo r '  more u s e f u l  methods of a s ses s ing  radiation-induced performance 

decrement. Since VO is  t h e  most common parameter used t o  assess 

phys ica l  s t a t u s  and response t o  exe rc i se ,  w e  s tud ied  V02 i n  a p a t i e n t  

exposed t o  100 R (0.8 R/hr, 16 R/20 h r  day) and con t ro l l ed  e x e r c i s e  

2 

stress. 

t o  be  i n  t h e  e a r l y  s t a g e s  of lymphosarcoma and w a s  otherwise i n  v e r y  

This p a t i e n t ,  male, aged 44 yea r s ,  had been r e c e n t l y  diagnosed 

good phys ica l  condi t ion.  

submaximal workload of 612 kilopound meter/min.* 

Performance was measured i n  response t o  a 

During the  six days of 

i r r ad ia t ion .  therapy t h e  p a t i e n t  responded t o  c o n t r o l l e d  ergometry with 

an inc reas ing  maximal ca rd iac  rate (up 14%) although t h e  workload re- 

mained constant.  Following ceasa t ion  of i r r a d i a t i o n  therapy, t h e  

m a x i m a l  c a rd i ac  rate returned t o  p r e i r r a d i a t i o n  levels over a 5-day 

period and t h e  p a t i e n t  demonstrated a s l i g h t  tendency toward t r a i n i n g  

over an i n t e r m i t t a n t  stress period of about 2-1/2 months. These ca rd iac  

rate d a t a  were used t o  p r e d i c t  maximal O2 consumption (V02 max) using t h e  

method of Astrand (21). When co r rec t ed  f o r  age and sex t h e s e  p red ic t ed  

VO max d a t a  ind ica t ed  a decrease from 2.32 l i t e r s / m i n  ( p r e i r r a d i a t i o n )  

t o  1.83 l i t e r s / m i n  when 100 R were accumulated (Fig. 60). There was no 

2 

s i g n i f i c a n t  change i n  t h e  a c t u a l  V 0 2  (612 Kpm) required t o  perform a t  

t h e  submaximal workload. Actual 0 consumed during a l l  26 exercise 2 

t e s t i n g  per iods w a s  w e l l  w i th in  t h e  expected values .  When averaged f o r  

a l l  26 con t ro l l ed ,  submaximal exe rc i se  test per iods t h e  V02 measured 

(1.64 f 12l/min) w a s  w e l l  w i th in  t h e  expected values  as reported by t h e  

World Health Organization (22). Thus, i t  would seem t h a t  any r a d i a t i o n  

*1 w a t t  = 6.12 Kpm 
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a f f e c t  experienced by t h i s  p a t i e n t  was no t  a t  t h e  t i s s u e  level of actual 

0 

oxygen t o  t h e  active muscles. 

consumption b u t  i n  t h e  a b i l i t y  of t h e  cardiovascular  system t o  supply 
2 

This hypothesis  is  supported by t h e  mode 

of death ( i r r e v e r s i b l e  hypotension) seen i n  r a d i a t i o n  accident  v i c t i m s  

who r e c e i v e  very high exposures (>5000 R).  It would appear t h a t  t h e  

threshold f o r  cardiovascular  deconditioning i s  q u i t e  low and t h e  e f f e c t  

of whole-body exposuresappreciably less than 5000 R are t r a n s i e n t  and 

completely r e v e r s i b l e .  

I n  a t tempting t o  model t h e s e  O2 consumption d a t a  from t h e  

i r r a d i a t e d  p a t i e n t  w e  found a remarkable s i m i l a r i t y  between i r r a d i a t i o n  

e f f e c t  and d a t a  reported by S a l t i n  e t  a l . (23)  f o r  bed res t  s t u d i e s .  

S a l t i n ' s  s tudy demonstrated i n o r d i n a t e l y  w e l l  t h e  e f f e c t s  of 2 1  days 

bed res t  on t r a i n e d  and untrained male volunteers .  Following t h e  three- 

week bedrest  per iod,  t h e s e  vo lun tee r s  experienced a f a l l  i n  s t r o k e  volume, 

c a r d i a c  output,  maximal oxygen consumption, and an inc rease  i n  c a r d i a c  

rate t o  perform a t  t h e  same workload used p r i o r  t o  bed res t .  Our d a t a  

are compared t o  those obtained by S a l t i n  and are summarized i n  Table 

14. We included d a t a  from a normal, heal thy con t ro l  male matched by 

age,  body b u i l d ,  and weight t o  t h e  therapy p a t i e n t .  

These d a t a  prompted us t o  r e t r o s p e c t i v e l y  study ca rd iac  ra te  

a l t e r a t i o n s  i n  therapy p a t i e n t s  who had o r  had no t  previously p a r t i c i -  

pated i n  con t ro l l ed  e x e r c i s e  stress t e s t i n g .  Maximal ca rd iac  rates 

recorded during t h e  f i n a l  minute of an e x e r c i s e  stress period were 

compared f o r  pre- and postexposure d i f f e rences .  Although t h e  exercise 

p ro toco l s  used i n  t h e s e  stress tests d id  no t  conform exac t ly  ( i n  l eng th  

of stress time i n  some cases) to those usua l ly  a s soc ia t ed  with oxygen 
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consumption s t u d i e s ,  we used these  c a r d i a c  rates t o  p r e d i c t  oxygen con- 

sumption aga in  according t o  t h e  methods of Astrand. These da ta ,  

summarized i n  Table 15, revealed t h a t  maximal ca rd iac  rates increased 

four  t o  fou r t een  percent  i n  therapy p a t i e n t s  exposed t o  t o t a l  body 

i r r a d i a t i o n  up t o  250 R. The response did not  seem t o  be dose o r  dose 

rate dependent and not  a l l  p a t i e n t s  demonstrated s i g n i f i c a n t  increases 

i n  c a r d i a c  rates. Likewise, t h e  maximal c a r d i a c  r a t e  i n  a man a c c i d e n t a l l y  

exposed t o  250 R t o t a l  body i r r a d i a t i o n  increased 15% during r e p e t i t i v e  

con t ro l l ed  exercise stress. S i g n i f i c a n t  i nc reases  i n  ca rd iac  rates were 

no t  noted i n  p a t i e n t s  exposed t o  i r r a d i a t i o n  up t o  250 R b u t  n o t  subjected 

t o  phys i ca l  stress. A t  stress loads similar t o  those p a t i e n t s  were 

subjected t o  a group of c o n t r o l  males demonstrated a decrease of 11% i n  

maximal ca rd iac  rates. 

These r e s u l t s  suggested t h a t  radiation-induced cardiovascular  

deconditioning (CM) might be  r e spons ib l e  f o r  increased ca rd iac  rates 

recorded during t h e s e  stress ses s ions  and support  t h e  hypothesis t h a t  

radiation-induced “easy-fatiguabili ty’‘  may be  revealed symptomatically 

only when t h e  i r r a d i a t e d  person i s  s t r e s s e d  physical ly .  They do n o t ,  

however, provide any information concerning whether o r  no t  t h e s e  

physiologic  phenomena would be a d d i t i v e  t o  those previously experienced 

by a s t r o n a u t s  during prolonged low G a c t i v i t y .  

t o 2 9 2 1  I 
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CHAPTER V 

ANCILLARY CLINICAL LABORATORY AND EXPERIMENTAL STLTDIES 

A. Red C e l l  S i z e  Relat ion t o  Radiation Ef fec t  on Ery th rob la s t s  i n  Man 

and Mouse 

S tud ie s  i n  experimental  hematology u s e  r a d i o a c t i v e  c e l l - l a b e l s  i n  

cha rac t e r i z ing  changes i n  t h e  hematopoietic organ a f t e r  i r r a d i a t i o n  and 

a l s o  employ modern e l e c t r o n i c  ce l l  s i z i n g  and counting apparatus  f o r  d e t e c t i n g  

end p o i n t s  f o r  r a d i a t i o n  e f f e c t s .  

W e  i nves t iga t ed  t h e  use fu lness  of e l e c t r o n i c  ce l l - s i z ing  i n  c l i n i c a l  

and experimental hematology. Our s t u d i e s  were c l a s s i f i e d  as (1) c l i n i c a l  

and experimental  a p p l i c a t i o n s  and (2) experimental  observat ions on t h e  

na tu re  of t h e  e l e c t r o n i c  two-peak r ed  blood c e l l  (RBC) population phenomenon. 

The system used t o  accomplish t h e s e  s t u d i e s  i s  descr ibed i n  d e t a i l  

i n  a previous pub l i ca t ion .  B r i e f l y ,  t h e  components of t h e  system are b u i l t  

around t h e  Coulter Counter, Model B, and i ts  as soc ia t ed  g l a s s  transducing 

assembly cons i s t ing  of t h e  a p e r t u r e  tube, e l ec t rodes ,  mercury l i q u i d  

volume measurement device and pump. The pu l ses ,  formed as each c e l l  is  

dr iven through t h e  a p e r t u r e  by d i f f e r e n t i a l  pressure,  are taken o f f  t h e  

Coulter e l e c t r o n i c s  j u s t  be fo re  reaching t h e  Coulter  o sc i l l o scope  c i r c u i t .  

They are so r t ed  and s t o r e d  by a 400-channel pulse-height analyzer  

appropr i a t e ly  a l t e r e d  t o  accept  t h e  c h a r a c t e r i s t i c a l l y  slowly r i s i n g  pu l ses  

t h a t  are produced. 

Coulter u n t i l  100,000 cel l  volumes are measured and t h e  a n a l y s i s  auto- 

m a t i c a l l y  terminated. 

Each s t o r e d  pu l se  i s  simultaneously counted by a pre-set  

The accumulation of "cells" of t h e  same volume i n  each analyzer  

channel is displayed "live" on an osc i l l o scope  screen. A t  t h e  end of an 
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a n a l y s i s ,  a photograph i s  made of t h e  r e s u l t i n g  f requency-d is t r ibu t ion  

curve f o r  t h e  purpose of a v i s u a l  record and t h e  d a t a  are automat ica l ly  

typewri t ten  for later computation. For c l i n i c a l  purposes t h e  r a t i o  of 

mean channel number t o  mean c e l l  volume as der ived from t h e  hematocr i t  

and r e d  blood c e l l  count and determined s t a t i s t i c a l l y  wi th  a l a r g e  number 

of observa t ions ,  is a s u f f i c i e n t l y  a c c u r a t e  means of c a l i b r a t i o n .  This 

determinat ion i s  accomplished as shown i n  Fig.  61 by graphing f o r  each 

blood sample t h e  hematocrit-derived MCV, and t h e  e l e c t r o n i c a l l y  determined 

mean channel. Where extremely p r e c i s e  measurements are des i r ed  and a p e r t u r e s  

small i n  diameter are usable ,  Dow l a t e x  p a r t i c l e s  of b a c t e r i a l  s i z e  (0.87- 

1.31 micron diameter) can be  employed. 

been determined, i t  can be  used t o  t ranspose  channel number t o  cubic  microns 

providing t h e  experimental  and e l e c t r o n i c  condi t ions  are kept  cons tan t .  

Prel iminary s t u d i e s  demonstrated t h e  r e l i a b i l i t y  of the hematocri t  

After t h i s  conversion f a c t o r  has  

determined MCV and e l e c t r o n i c  MCV. These s t u d i e s  i n  neonata l  mice are 

demonstrated i n  Fig.  62. I n i t i a l  s t u d i e s  a l s o  demonstrated t h i s  c a p a b i l i t y  

of e l e c t r o n i c  MCV determinat ions t o  monitor RBC changes induced by t o t a l -  

body i r r a d i a t i o n  therapy and Methotrexate therapy. These the reapeu t i c  d a t a  

are shown i n  Figs .  63 and 64. 

I n  c l i n i c a l  hematology the  technique was used t o :  (a) i n  r o u t i n e  

d i a g n o s t i c  work-up of new p a t i e n t s  t o  approa ise  t h e  s t a t u s  of t h e i r  

e ry thron  and (b) during therapy of RBC d i s e a s e s  t o  gauge t h e  rate of 

r e t u r n  of RBC s i z e  d i s t r i b u t i o n  i n  polycythemia rubra  vera (PRV) af ter  

r a d i a t i o n  therapy.  These techniques of RBC s i z i n g  for c l i n i c a l  hematology. 

were extended by s t u d i e s  of new p a t i e n t s  and i n  long-term patients a f t e r  

repea ted  the rapeu t i c  t r ia ls  over long per iods .  The r e s u l t s  s u b s t a n t i a t e d  , 

our t e n t a t i v e  conclusions t h a t  remission induced i n  PRV by i r r a d i a t i o n  and 

- 
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o t h e r  methods of suppressing e r y t h r o p o i e s i s  was accomplished by t h e  produc- 

t i o n  of new RBC'S of normal s i z e .  As t h e s e  cells w i t h  a l i f e  expectancy of 

120 days were de l ive red  i n t o  t h e  blood and o l d  microcyt ic  cells were 

removed, t h e  i n i t i a l  abnormal s i z e d  RBC d i s t r i b u t i o n  changed p rogres s ive ly  

toward a normal one. 

obtained, however, depends on t h e  du ra t ion  of t h e  period during which r ed  

c e l l  production rate and i r o n  s t o r e s  are i n  balance; i f  i r o n  de f i c i ency  is  

p resen t  (because of i n t e s t i n a l  hemorrhage, f o r  example) and goes un t r ea t ed ,  

i r o n  s t o r e s  are adequate f o r  only a s h o r t  time and production of microcytes 

soon begins  and reverses t h e  t r end  toward normal i n  the  RBC s i z e  p r o f i l e .  

I n  o t h e r  blood dysc ras i a s  with suppressed RBC production and i r o n  s t o r e s  

normal o r  above, w e  found no abnormality i n  RBC s i z e  d i s t r i b u t i o n  and t o t a l  

body r a d i a t i o n  exposures were not  followed by change i n  RBC s i z e .  

Whether o r  not  a completely normal s i z e  p r o f i l e  is 

I n  experimental r a d i a t i o n  therapy and hematology, w e  used t h i s  technique 

t o  measure t h e  macrocytosis of mice ch ron ica l ly  i r r a d i a t e d  a t  low dose r a t e s  

where Colonies of stem cel ls  are formed i n  the  spleen and abnormal hmo- 

globin i s  produced. 

w e l l ,  temporally,  with s p l e n i c  stem-cell colony p r o l i f e r a t i o n  and abnormal 

hemoglobin production bu t  not  with s p l e n i c  stem-cell colony formation 

without p r o l i f e r a t i o n .  This  f ind ing  suggests  t h a t  when t h e s e  co lon ie s  

p r o l i f e r a t e  under stress they form macrocytes containing abnormal hemoglobins. 

This c o r r e l a t i o n  allows e l e c t r o n i c  RBC s i z i n g  t o  be used f o r  s e l e c t i n g  

i r r a d i a t e d  mice f o r  biochemical hemoglobin assay. 

on stem c e l l  colony formation i n  i r r a d i a t e d  mice w i l l  be  discussed i n  

considerable  d e t a i l  i n  Sect ion D of t h i s  chapter.  

The macrocytic s h i f t  i n  RBC s i z e  d i s t r i b u t i o n  c o r r e l a t e s  

Resul ts  of these s t u d i e s  
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Our e l e c t r o n i c  c e l l - s i z i n g  apparatus ,  a p p r o p r i a t e l y  set upper and lower 

analyzer  ga t e s ,  was a l s o  used t o  exclude agg lu t ina t ed  RBC masses from being 

counted i n  s t u d i e s  of t h e  rate of replacement of an i r r a d i a t e d  human 

r e c i p i e n t ' s  own RBC by new RBC from t r ansp lan ted  bone marrow. 

s i z e  d i s t r i b u t i o n s  of t h e  two RBC populat ions (donor v e r s u s  r e c i p i e n t )  

d i f f e r e d ,  we could a l s o  fol low t h e  growth of t h e  new RBC mass by ob ta in ing  

s e q u e n t i a l  REC s i z e  d i s t r i b u t i o n  s t u d i e s .  

w i th  t h e  f ind ings  of t h e  i n  v i t r o  hemagglutinin system, b u t  were n o t  as 

Since t h e  

These seemed t o  c o r r e l a t e  w e l l  

e a s i l y  q u a n t i t a t e d  i n  percentages.  

S tud ie s  on t h e  na tu re  of t h e  well-defined two-peaked d i s t r i b u t i o n  of 

e l e c t r o n i c  pulses  generated from normal blood when t h e  electrical  c u r r e n t  

i s  high (>1.0 but  ~3.0 microamps) helped j u s t i f y  our  u s e  of high c u r r e n t s  

i n  p r a c t i c e  because i t  allowed u s  t o  d i f f e r e n t i a t e  RBC of two or more 

d i f f e r e n t  model s i z e s  easier than lower c u r r e n t s  do. Sometimes we wished 

t o  compare t h e  RBC of two persons with d i f f e r e n t  MCV's by mixing a sample 

from each and comparing t h e  two-peaked s i z e  d i s t r i b u t i o n  v i s u a l l y ;  t h e  

presence of two bloods i n  t h e  sample w a s  more c l e a r l y  demonstrable w i t h  

a high cu r ren t  than with a small one. 

While t h e r e  are numerous explanat ions f o r  t h e  presence o r  absence of 

two peaks dependent upon c u r r e n t ,  none have been shown experimental ly  t o  

hold t r u e  under a l l  t h e  condi t ions of our  measurements. Most explanat ions 

are based on phys ica l  theory and mathematical s o l u t i o n s  r a t h e r  t han  d i r e c t  

experimentation. The l a t e s t  purports  t o  show t h a t  t h e  two peaks r e s u l t  - 
0 
fu 
2 
F3 

from tumbling of some of t h e  saucer-shaped red blood cells i n  t h e  flow 

through t h e  sensing volume of t h e  a p e r t u r e  tube. We showed experimental ly  

t h a t  t h i s  explanat ion i s  inadequate.  When glutaraldehyde was buf fe red  and = 
a 

i n  less than 2.5% concen t r a t ion ,  i t  can f i x  RBC r a p i d l y  (within 1 5  min) 
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without microscopical ly  d e t e c t a b l e  a l t e r a t i o n  i n  t h e i r  s i z e  o r  shape. 

With 4% formalin i n  s a l i n e  similar RBC f i x a t i o n  without d i s t o r t i o n  is 

obtained i n  18  hours. We s i z e d  unfixed RBC suspensions and those  f i x e d  i n  

t h e s e  two s o l u t i o n s  during per iods i n  which a l l  t h e  v a r i a b l e  parameters of 

t h e  e l e c t r o n i c  s i z i n g  system were kep t  constant .  By t h e  time t h e  RBC mem- 

brane became "fixed" t h e  two-peaked d i s t r i b u t i o n  was no t  obtained even though 

t h e  f i x e d  RBC's were s t i l l  d i s c  shaped and j u s t  as capable of tumbling as unfixed 

cells. We b e l i e v e  t h a t  t h e  two-peaked RBC s i z e  d i s t r i b u t i o n  r e s u l t s  from 

a l t e r a t i o n s  i n  t h e  amount of i n t r a c e l l u l a r  f l u i d  i n  t h e  RBC caused by an 

e f f e c t  of t h e  e lectr ical  cu r ren t  on t h e  i o n i c  charges of t h e  l i v i n g ,  p l i a b l e  

RBC membrane t h a t  a f f e c t s  t h e  sodium-ion water t r a n s f e r  pump. The s i n g l e  

d i r e c t  experiment t h a t  proved our explanat ion,  however, continued to  elude 

us. 

chemical a l t e r a t i o n s  t h a t  occur i n  blood-bank blood s t o r e d  i n  a c i d  c i t r a t e  

dex t rose  so lu t ion .  

decreases  progressively and t r a n s p o r t  of substances ac ross  i t  depend f i n a l l y  

only on Donnan state of equilibrium. 

p rogres s ive ly  over a 30-day period and mean corpuscular volume inc reases  as 

t h e  RBC s w e l l .  We obtained e l e c t r o n i c  RBC s i z e  d i s t r i b u t i o n s  of blood from 

n i n e  p a t i e n t s  with PRV drawn i n t o  ACD a t  i n t e n d s  over 30- t o  70-day per iods 

of s t o r a g e  a t  40°F (Fig. 65). While t h e  changes observed i n  c e l l  volume 

were progressive,  they were not  l i n e a r  with time, being slow a t  f i r s t  and 

g radua l ly  becoming more rapid.  

How soon a f t e r  a blood sample is  drawn from a p a t i e n t  must t h e  RBC sample 

be s i zed  i f  i n  v i t r o  changes are t o  be  avoided? S izes  o r  d i s t r i b u t i o n  i n  

t h e  specimens d i d  not change s i g n i f i c a n t l y  during t h e  f i r s t  f i v e  days, b u t  

We attempted t o  ga in  more c lues  by using t h e  well-known p rogres s ive  

Here t h e  s e l e c t i v e  permeabi l i ty  of t h e  RBC membrane 

The amount of intra-RBC sodium rises 

These s t u d i e s  answered a p r a c t i c a l  quest ion:  

1 0 2 9 2 8  I 



i 

I V  3SV3M3NI (X30NI  ,V) 321s 3 8 M  7 V l l l N I  3hOE 

1 0 2 9 2 0 . 2  
F i g .  65 



c 

160 

a f t e r  t h a t ,  a l l  t h e  RBC s i z e  d i s t r i b u t i o n s  s h i f t e d  p rogres s ive ly  toward t h e  

r i g h t  as t h e  cel ls  swelled. 

t h e  consecut ively determined RBC s ize  d i s t r i b u t i o n s  of t h e s e  bloods are 

shown. The index of zero can b e  assigned to  each b o t t l e  of blood a t  t h e  

beginning of each experiment because t h e  i n i t i a l  s i z e  d i s t r i b u t i o n  of each 

blood served as i ts  own r e fe rence  p o i n t  f o r  comparison w i t h  subsequent 

measurements of t h e  same (aging) sample. On comparing t h e  repeated frequency 

d i s t r i b u t i o n  histograms of t h e s e  samples with t h e  o r i g i n a l s  one sees t h a t  

t h e  higher  peak comprised of t h e  smaller cells  i n  t h e  i n i t i a l  RBC d i s t r i b u -  

t i o n  became progressively lower, broader,  and s h i f t e d  f u r t h e r  t o  t h e  r i g h t  

( l a r g e  s i z e ) ,  f i n a l l y  merging wi th  t h e  o r i g i n a l  low,broad peak of l a r g e  RBC. 

These changes l o g i c a l l y  f i t  our hypothesis:  t h a t  passage through e l e c t r i c a l  

cu r ren t  a l ters  t h e  c e l l  membrane charge so t h a t  sodium and water leave t h e  

ce l l ,  making t h e  cel l  shr ink;  t h a t  small cel ls  wi th  r e l a t i v e l y  l i t t l e  water 

and sodium show t h e  g r e a t e s t  p ropor t iona l  shrinkage induced by e lectr ical  

cu r ren t  while l a r g e  ce l l s  swollen with water and comparatively r i c h  i n  sodium 

are decreased least i n  r e l a t i v e  s i z e .  

high d e n s i t y  c u r r e n t  i n  t h e  a p e r t u r e  tube is  constant ,  only a constant  amount 

of sodium and water can be removed p e r  passage. 

and is a g r e a t e r  percentage of t h e  t o t a l  p re sen t  i n i t i a l l y  i n  small dense 

cells. 

a b i l i t y  t o  glycolyze f a i l s  i n  p a r a l l e l  with a f a l l  i n  high energy phosphates; 

t h e  amount imbibed is  l imi t ed  only by the  c e l l  membrane and a l l  cel ls  of 

t he  same i nd iv idua l  s w e l l  toward t h i s  l i m i t ,  hemolyzing when i t  i s  exceeded. 

Consequently, t h e  RBC remaining i n  t h e  b o t t l e  becomes more a l i k e  i n  sodium 

and water content and s i z e ;  t h e  p ropor t iona l  e f f e c t  of t h e  c u r r e n t  upon 

In Fig. 65 t h e  squared d i f f e r e n c e  index f o r  

Because passage time through t h e  

This is r e l a t i v e l y  f a s t e r  

After blood bank s t o r a g e  RBC imbibe sodium and water when t h e i r  

1 0 2 9 2 8 3  
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the  cells decreases  and t h e  d i f f e r e n t i a t i o n  of t h e  RBC s i z e  i n t o  two peaks 

of d i s t r i b u t i o n  becomes progress ive ly  poorer. 

These s t u d i e s  suggested t h a t  e l e c t r o n i c  RBC s i z i n g  might b e  u s e f u l  

i n  s tudying the  p l i a b i l i t y  of RBC membranes and t h e i r  hemolytic f r a g i l i t y  

as we l l  as v a r i a t i o n s  i n  s i z e  of ind iv idua l s  i n  t o t a l  RBC popula t ion  vari- 

a t ions .  I n  add i t ion  it  would seem f e a s i b l e  t o  u s e  t h i s  system t o  r a p i d l y  d e t e c t  

undes i rab le  changes i n  normal blood during blood bank s to rage .  

have an advantage over o the r  methods because of i t s  s i m p l i c i t y  and t h e  

r a p i d i t y  wi th  which r e s u l t s  can be i n t e r p r e t e d .  

This might 

B. Anti-proteolysis  Radiat ion E f f e c t  and Dose Rate Dependence 

Measur-ments t o  eva lua te  t h e  e f f e c t s  of va r ious  t h e r a p e u t i c  regimes 

gene ra l ly  r e l y  excess ive ly  on q u a n t i t a t i o n  of s u b j e c t i v e  symptoms. 

Commonly, such eva lua t ions  depend on a b a t t e r y  of chemical de te rmina t ions  

and pe r iphe ra l  blood counts. The la t ter  s t i l l  r e v e a l s  t h e  most about how 

t h e  hematologic p a t i e n t  is  responding, f o r  example, t o  t o t a l  body i r r a d i a -  

t i on .  Their  prognost ic ,  as w e l l  a s  d i agnos t i c  va lue ,  is  h igh  bu t  i n  many 

of t h e  d i seases  we s tudy and attempt to  t reat ,  t h e  blood ce l l  va lues  are 

highly pa thologica l  and de f ine  the  d i sease ,  bu t  may obscure r e a c t i o n  t o  t h e  

d i sease  or t o  concurrent i n fec t ions .  The pretreatment  levels of s p e c i f i c  

cells i n  p a t i e n t s  with the  same d i sease ,  f o r  example, chronic  lymphocytic 

leukemia, a l s o  vary  so much from p a t i e n t  t o  p a t i e n t  t h a t  t he rapeu t i ca l ly -  

induced responses are d i f f i c u l t  t o  compare. It would be  d e s i r a b l e  t o  have 

a d d i t i o n a l  r e fe rence  measurements t h a t  would be  normal i n  hea l thy  people ,  - 
but  progress ive ly  abnormal a s  a person becomes ill and approaches dea th ;  ry 

a 
N 
c3 
F 

t he  pa thologic  r e s u l t s  i n  t h i s  measurement should subs ide  toward n o m a 1  

when c l i n i c a l  management i s  success fu l  o r  spontaneous recovery occurs .  The 

study repor ted  he re  was u s e f u l  as an o b j e c t i v e  measure of ce l l  subs tance  i n  

the  blood wi th  levels r e l a t e d  t o  hematopoietic func t ions .  
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The importance of serum t ryps in - inh ib i to r  (TI)  levels i n  h e a l t h  

and d i s e a s e  is highly specu la t ive .  

T I  p l ays  a r o l e  i n  promoting normal growth processes  by l i m i t i n g  random, 

nonspecif ic  p r o t e o l y s i s  and t h a t  i t s  most important r o l e  is i n  p r o t e c t i n g  

t h e  pancreas and t h e  small i n t e s t i n e  from undes i r ab le  t r y p t i c  autodigest ion.  

Measurement of serum t ryps in - inh ib i to r  l e v e l s  has  been u s e f u l  i n  c l in i ca l  

l abora to ry  only i n  panc rea t i c  d i s e a s e  where i t s  c o r r e l a t i o n  wi th  c l i n i c a l  

s t a t u s  has been e s t ab l i shed .  

Numerous t e l e o l o g i c  r e p o r t s  suggest  t h a t  

The r e s u l t s  reported he re  were obtained by measuring TI levels using 

t h e  serum and plasma of a l l  persons who had some o the r  measurement made on 

samples of t h e i r  blood i n  t h e  Medical Divis ion l a b o r a t o r i e s .  Experimental 

design was l imi t ed  t o  t h a t  r equ i r ed  f o r  making t h e  determinations.  After 

a l l  t h e  measurements were completed, t h e  sources of t h e  serum samples were 

i d e n t i f i e d  by d i s e a s e  and c l i n i c a l  cond i t ion  and t h e  r e s u l t s  graphed i n  

r e l a t i o n  t o  calendar date .  

connecfed by l i n e s  t o  see how t h e  levels changes as t h e  d i s e a s e  progressed 

or w a s  a r r e s t e d .  

Those measurements from t h e  same p a t i e n t  were 

The amount of t r y p s i n  i n h i b i t o r  w a s  determined by measuring t h e  

amount of hydro lys i s  of a-N-Benzoyl-L-Arginine e t h y l  ester (BAEE) obtained 

under s tandard condi t ions by 0.653 u n i t s  of t r y p s i n  with and without 10  

m i c r o l i t e r s  of serum present .  

l abo ra to ry .  

The method w a s  modified and adapted i n  our 

A s  shown i n  Fig. 6 6 ,  normal persons and p a t i e n t s  without s e r i o u s  

d i sease ,  o r  without symptoms of a previously e s t ab l i shed  malignant d i sease ,  

had s i m i l a r  T I  levels around t h e  normal mean of 32.5 T I  un i t s /ml ,  ranging 

up t o  %45 u n i t s  and down t o  %units .  

uncon t ro l l ab le  progression of such d i s e a s e s  as a c u t e  and chronic myelocytic 

P a t i e n t s  hosp i t a l i zed  because of 

1 0 2 9 2 8 5  



in 
2 
0 
in 

w 

J 

a 
a 

a 
f a 
0 z 
e 

0 

e 
0 

1 e 

8. 

- 
0 
W 
I- 

W 

c- z 
3 

a 
0 
W 
#- 

W 
K 
I- 

w 
t- 
0 a 
0 

a 
a 

Y 
c 

a 

Y 

a - 
- 
s 
b 

A A  

A 

3 A 
A 
A 
A 

n 

e 
W > 
I- 
O 
U 

W cn 

cn 

- 
I 

a 
W e  

E e  
e 3.. 

0 
0 .  
x e  

e 

.ti 
8 

1 
a) 
0 
e 
0 

0 

F i g .  66 



164 

and lymphocytic leukemia, myelomas, lymphomas, mye lo f ib ros i s ,  Hodgkin's 

d i sease ,  and carcinomas had levels commonly above 50 u n i t s ,  and those  who 

died of t h e i r  d i s e a s e  during t h i s  time had p rogres s ive ly  r i s i n g  levels 

occas iona l ly  i n  excess of 90 u n i t s  (C3 x average normal). 

with p e r s i s t e n t  va lues  above 60 u n i t s  have survived bu t  have been d i f f i c u l t  

t h e r a p e u t i c  problems. 

with t h e i r  malignant d i s e a s e  process  o r  i t s  therapy, were t h e  only ones t o  

succumb wi th  approximately normal levels. 

Several  persons 

Two p a t i e n t s  who died of vascu la r  acc iden t s  a s soc ia t ed  

Metastatic spread of e p i t h e l i a l  neoplasms has been reported t o  b e  

accompanied by a p rogres s ive ly  r i s i n g  T I  preceding death;  a n  example is  

shown i n  Fig. 67. 

We a l s o  s a w  t h i s  premortem rise i n  p a t i e n t s  who d ied  from Hodgkin's 

d i s e a s e  and myelof ibrosis .  

a p a t i e n t  with malignant plasmocytoma, who had had moderately e l eva ted  T I  

levels f o r  about two months, developed r a p i d l y  r i s i n g  va lues  p a r a l l e l i n g  

a similar rapid i nc rease  i n  blood urea n i t r o g e n  (BUN) and o l i g u r i a .  Inten- 

s i v e  cy to tox ic  chemotherapy produced a r e t u r n  t o  normal T I  va lues  over  a 

two-week period. 

period of one month, during which t h e  p a t i e n t  w a s  r e l a t i v e l y  symptom f r e e .  

Similar reduct ions of T I  va lues  have followed r a d i a t i o n  and chemotherapy 

i n  o the r  p a t i e n t s .  It is  no t  y e t  clear whether Prednisone has an e f f e c t  OR 

T I  levels; i t  seems so f a r  t h a t  c o r t i c o s t e r o i d  therapy i s  accompanied by T I  

l e v e l s  i n  t h e  50 t o  60 u n i t  range bu t  t h i s  c o r r e l a t i o n  has no t  been 

s u f f i c i e n t l y  s tudied.  I n  chronic  lymphcoytic leukemia (CLL) and polycythemia 

ve ra ,  when active d i s e a s e  was present but  l i f e  was no t  m e d i a t e l y  threatened,  

T I  l e v e l s  were o f t e n  found t o  be  much less than normal (20 down t o  10  u n i t s ) .  

However, such a rise is n o t  always i r r e v e r s i b l e ;  

The T I  va lue  remained normal during the  rest of t h e  s tudy 
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The c l in ica l  s i g n i f i c a n c e  of t h i s  observat ion eludes us since t h e  p a t i e n t s  

with CLL and a c u t e  leukemia who d ied  during t h i s  observat ion per iod 

developed abnormally high T I  levels s h o r t l y  be fo re  dea th  i n  s p i t e  of 

i n i t i a l l y  low base  l i n e s .  

La te r ,  t h e  e f f e c t  of t o t a l  body i r r a d i a t i o n  on T I  levels w a s  s tud ied  

i n  l abora to ry  animals and i n  humans exposed t o  a wide dose range of thera- 

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

total-body i r r a d i a t i o n  a t  a rate of 40 R/min. 

Ten t o  15-week-old BL/6 m i c e  were exposed t o  6oCo 

Total. exposures ranged 

from 250 R t o  1000 R. Trypsin i n h i b i t o r  determinat ions began a t  t h r e e  

hours p o s t i r r a d i a t i o n  and were complete a t  21 days p o s t i r r a d i a t i o n .  

Mice given 250 R T B I  had normal T I  levels (1.84 pg/pl)  through six 

hours p o s t i r r a d i a t i o n  which g radua l ly  decreased t o  ~ 6 8 %  of normal a t  72 h r  

w i th  no s i g n  of recovery. The groups of mice rece iv ing  500 R, 750 R,  o r  

1000 R TBI a11 showed s u b s t a n t i a l l y  lower T I  capac i ty  by t h r e e  hours post- 

i r r a d i a t i o n ,  with t h e  750 R group having only 27% of normal a t  t h i s  earliest 

time. - I n  a l l  of t h e s e  groups, t h e  i n i t i a l  suppressed level was followed by 

f luxua t ions  i n  t h e  T I  levels marked by r ecove r i e s  t o  almost normal l e v e l s  
\ 

and f u r t h e r  decreases  t o  a minimum of 1 7 %  normal (750 R group). Nei ther  

amplitude nor rate of t h e  changes i n  T I  were dose-dependent, and we saw 

no real r e t u r n  t o  normal T I  l e v e l s  i n  t h e s e  groups wi th in  ou r  s tudy period. 

F i n a l l y ,  w e  measured T I  l e v e l s  i n  10 p a t i e n t s  who received 100-694 R 

TBI as p a r t i a l  therapy f o r  CGL, CLL, o r  PRV. F i f t e e n  normal persons had a 

mean T I  capac i ty  of 0.89 pg t r y p s i n  i n h i b i t e d  pe r  p 1  plasma (S.D. = f 0.11 

pg/pl)  ranging from 0.70 t o  1 . 1 7  pg/ul, A l l  of t h e  diseased humans had T I  

levels above t h e  upper l i m i t s  of normals. With low l e v e l  radiotherapy 

(1.5 R/hr) most p a t i e n t s  demonstrated a r ap id  moderate depression and 

1 0 2 9 2 8 9  
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recovery i n  T I  levels, sometimes followed by a s l i g h t  overshoot.  Prac- 

t i c a l l y  no change i n  T I  capac i ty  occurred during METBI (1.5 R/min)  radio-  

therapy. 

t he  p a t i e n t ' s  o v e r a l l  hematological response, modified by secondary c l in ica l  

developments. These d a t a  are g raph ica l ly  represented i n  Figs. 68 and 69. 

The levels of T I  a f t e r  radiotherapy commonly c o r r e l a t e d  w i t h  

During t h e  course of m u l t i p l e  va r i ed  d i s e a s e  phases and c o n c o m i t a n t  

t he rapeu t i c  manipulations which t h e s e  m e t a s t a t i c a l l y  diseased p a t i e n t s  

received, t h e i r  T I  l e v e l s  f r equen t ly  changed apparent ly  i n  response t o  

many d i f f e r e n t  s t i m u l i .  These included, i n  a d d i t i o n  t o  i r r a d i a t i o n ,  

admin i s t r a t ion  of drugs,  blood, o r  plasma, decreased u r i n a r y  output  and 

e l e c t r o l y t e  imbalance, changes i n  blood chemical levels, and presence of 

acu te  GVH disease.  

d i sease ,  and t h e  e f f e c t  of TBI ,  i n d i c a t e s  t h a t  t h e  level of t h i s  p r o t e i n  

i s  increased wi th  worsening of c l i n i c a l  s t a t u s ,  is  decreased wi th  c l i n i c a l  

improvement, is a c u t e l y  increased during many i n f e c t i o n s ,  and is  a f f e c t e d  t o  

Our s tudy of t h e  r e l a t i o n  of T I  l e v e l s  i n  malignant 

a q u i t e  l imi t ed  e x t e n t  by exposures t o  gamma r a d i a t i o n  levels descr ibed 

herein.  

C. E f fec t  of I r r a d i a t i o n  on Serum Crea t in ine  Phosphokinase Levels 

Exposure t o  ion iz ing  r a d i a t i o n ,  p a r t i c u l a r l y  total-body i r r a d i a t i o n ,  

r e s u l t s  i n  a v a r i e t y  of i n  v i t r o  biochemical changes dependent on dose and 

dose rate. 

i r o n ,  l ac t i c  a c i d  dehydrogenase (LDH), and t r y p s i n  i n h i b i t o r  (TI). Our 

e f f o r t s  t o  f i n d  d a t a  t o  c o r r e l a t e  biochemical/physiological changes w i t h  

a l t e r e d  pulmonary impedance changes i n  i r r a d i a t e d  p a t i e n t s  l e d  us t o  i n i t i a t e  

c l i n i c a l  chemical determinat ions of serum c r e a t i n e  phosphokinase (SCPK) i n  c 

c o n t r o l  vo lun tee r s  and p a t i e n t s .  Th i s  p a r t i c u l a r  enzyme (CPK) w a s  chosen 

Some f a m i l i a r  examples include c i r c u l a t i n g  levels of serum 
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because of its r e l a t i o n s h i p  t o  muscle phys io logy ,pa r t i cu la r ly  its re l a t ion -  

s h i p  with r ap id  production of ATP during increased phys ica l  a c t i v i t y .  

Creatine phosphokinase (CPK) is r e spons ib l e  f o r  t h e  following 

r e a c t i o n  i n  muscular t i s s u e :  

c r e a t i n e  phosphate + adenosine dephosphate -CPK 

c r e a t i n e  + adenosine t r i phospha te  

with ATP being t h e  primary source of energy f o r  t h e  con t r ac t ion  process.  

Our i n i t i a l  e f f o r t s  t o  measure SCPK were d i r e c t e d  t o  a r a d i a t i o n  

accident  victim (previously mentioned) who received Q260 rem (350 r d m i n )  

coba l t  i r r a d i a t i o n .  The SCPK levels on the  day of t h e  acc iden t  (day 0) and 

t h e  following day were 25 m U / m l  and w i t h i n  t h e  normal expected range as 

determined by a W (366 nm) assay method a v a i l a b l e  through t h e  Boehringer 

Mannheim Corporation, New York. Controlled exercise stress t e s t i n g  w a s  

i n i t i a t e d ,  following complete ces sa t ion  of prodromal symptoms, t h r e e  days 

p o s t i r r a d i a t i o n .  

455 m U / m l ,  a 13.7 and 18.2 t imes inc rease ,  r e s p e c t i v e l y  when compared t o  

p reexe rc i se  values.  Eight days p o s t i r r a d i a t i o n  t h e  SCPK levels r e tu rned  

t o  normal and remained wi th in  normal ranges throughout t h e  remaining 

monitoring per iod as shown i n  Fig. 70. 

if t h e  exercise stress t e s t i n g  on day 3 w a s  r e spons ib l e  for t h e  s i g n i f i c a n t  

rise i n  SCPK or why t h e  level suddenly dropped back t o  normal levels 

although exercise t e s t i n g  continued. However, when SCPK levels were 

elevated changes i n  pulmonary-impedance va r i ance  were minimal (see Chapter 

IV) even thoughthe v i c t i m ' s  t o l e rance  t o  stress w a s  minimal. 

On day 4, t h e  SCPK level w a s  343 mU/ml  and on day 5, 

It i s  no t  clear from t h e s e  r e s u l t s  

Whether o r  

not  i r r a d i a t i o n  enhanced t h e  response t o  exercise-induced 

caused a dumping of CPK i n t o  c i r c u l a t i o n  remains obscure. 

hypoxia o r  
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Resu l t s  of SCPK determinat ion i n  t h e  acc iden t  v i c t i m  l e d  us t o  

begin measurement of CPK levels i n  i r r a d i a t e d  p a t i e n t s  exposed t o  a v a r i e t y  

of exposures and exposure rates, normal vo lun tee r s ,  and i r r a d i a t e d  labora- 

t o r y  animals (mice and Shetland ponies).  

SCPK levels was l ikewise  evaluated. 

The e f f e c t  of exercise stress on 

A l l  persons ( p a t i e n t s  and normal vo lun tee r s )  demonstrated s i g n i f i c a n t  

i nc reases  i n  serum c r e a t i n e  phosphokinase levels  when subjected to c o n t r o l l e d  

e x e r c i s e  stress and/or i r r a d i a t i o n .  

(shown i n  Fig. 71)  i n  normal vo lun tee r s  exe rc i s ing  under submaximal stress 

condi t ions showed inc reases  i n  t h i s  enzyme comparable t o  those  f o r  

exe rc i s ing  men reported i n  r ecen t  l i t e r a t u r e  (24). Generally,  SCPK levels 

r o s e  two t o  two-and-one-half times t h e  p reexe rc i se  levels and although they 

remained elevated throughout t h e  four-week test per iod,  they appeared t o  

be  r e tu rn ing  t o  normal during t h e  f o u r t h  week, possibly i n d i c a t i n g  an 

adap ta t ion  t o  t h e  constant  workload. 

Serum c r e a t i n e  phosphokinase levels 

Next, serum c r e a t i n e  phosphokinase levels were determined i n  (1) 

i r r a d i a t e d  p a t i e n t s  who d id  no t  e x e r c i s e  and (2) p a t i e n t s  who were s i m i l a r l y  

exposed and t e s t e d  by con t ro l l ed  exe rc i se .  I n  nonexercising p a t i e n t s  exposed 

t o  100 R (30 Rlday, 1.5 R/hr) s i g n i f i c a n t  i nc reases  i n  enzyme a c t i v i t y  

occurred during t h e  exposure per iods.  

within two weeks a f te r  exposure i n  a l l  bu t  one p a t i e n t  s tud ied  (Fig. 72). 

The enzyme a c t i v i t y  re turned t o  noma1 

Similar  changes i n  SCPK a c t i v i t y  occurred i n  nonexercising p a t i e n t s  exposed 

t o  150 R i n  LETBI (Fig. 73). 

150 R f a i l e d  t o  demonstrate t h e  r i se  i n  SCPK levels. I n  nonexercising 

p a t i e n t s  r ece iv ing  f r a c t i o n a t e d  exposures (10 R/day, LETBI) SCPK l e v e l s  r o s e  

s i g n i f i c a n t l y  i n  those r ece iv ing  150 R but  not i n  one who received only 

100 R (Fig. 74). 

Only one of t h e  p a t i e n t s  exposed t o  100 o r  

Th i s  i n c r e a s e  i n  SCPK a c t i v i t y  w a s  not  evident  u n t i l  a 
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few days (<1 week) a f t e r  i r r a d i a t i o n  and was much higher  than i n  p a t i e n t s  

w i th  s i m i l a r  bu t  p ro t r ac t ed  exposures. 

f r a c t i o n a t e d  and p ro t r ac t ed  therapy and t h e i r  a f f e c t  on SCPK (Fig. 75) 

was noted i n  a p a t i e n t  who received both t h e r a p e u t i c  p ro toco l s  (6  months 

a p a r t ) .  

r e spec t ive ly )  l i kewise  r e s u l t e d  i n  e l eva ted  SCPK levels  b u t  no t  t o  any 

g r e a t e r  ex ten t  than d id  lower exposures. 

(3.36 R/min) r e s u l t e d  i n  SCPK levels (Fig. 78) s i m i l a r  to  those  seen i n  

i r r a d i a t e d  hunans as d id  p ro t r ac t ed  exposures of 30 R/day ( t o t a l  exposure 

of 270 R) i n  exe rc i s ing  Shetland p o n i e s , ( s e e  Table 16) .  

A similar d i s p a r i t y  between 

Therapeutic exposures of 250 R and 792 R (Figs. 76 and 77, 

Exposures of mice (C3BF1) t o  450 R 

E f f o r t s  t o  c o r r e l a t e  SCPK levels w i t h  pe r iods  of diminished exercise 

capac i ty  (DEC) i n  humans w a s  p o s s i b l e  i n  only one therapy p a t i e n t ,  o t h e r  

than t h e  r a d i a t i o n  accident  victim, and revealed t h a t  DEC was n o t  ev iden t  

when CPK levels were e l eva ted  (Fig. 79). 

Our l imi t ed  d a t a  on changes i n  SCPK levels suggest t h a t  some r e l a t i o n -  

sh ip  exists between exercise response and energy output  levels t h a t  are 

creatine-phosphokinase dependent. 

e f f e c t .  For example, i n  one p a t i e n t  DEC, dur ing f r a c t i o n a t e d  (10 R/day) 

i r r a d i a t i o n  therapy, was followed by a s i g n i f i c a n t  i n c r e a s e  i n  SCPK and 

then by recovery from radiation-induced f a t i g u a b i l i t y  (Fig. 79). W e  f e e l  

t h a t  t h e  inc rease  i n  c i r c u l a t i n g  SCPK l e v e l  may be a systemic response t o  

It i s  no t  y e t  clear which i s  cause and 

stress t h a t  feeds back t o  prevent o r  delay f a t i g u a b i l i t y ,  b u t  f u r t h e r  

s t u d i e s  w i l l  be required before  any such r o l e  can be  subs t an t i a t ed .  

These CPK s t u d i e s  r e i n f o r c e  our opinion t h a t  an i r r a d i a t e d  p a t i e n t  

does n o t  respond t o  con t ro l l ed  e x e r c i s e  i n  t h e  same way t h a t  normal unir-  

r a d i a t e d  man does. The d i f f e r e n c e s  noted i n  i r r a d i a t e d  p a t i e n t s  could be 
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due t o  t h e i r  d i s e a s e  state but  t h i s  seems highly un l ike ly  s i n c e  (1) none 

of t h e  p a t i e n t s  s tud ied  were a c u t e l y  ill and (2) t h e  p a t i e n t s  tended t o  

demonstrate degrees of DEC p ropor t iona l  t o  t h e i r  i r r a d i a t i o n  exposure. 

D. Low-Dose-Rate Radiation L e t h a l i t y  Syndrome - Human Extrapolat ions 

Many models f o r  l e t h a l i t y  due t o  r a d i a t i o n  exposure exist  f o r  man. 

While t h e s e  models are q u i t e  v a r i a b l e  with regard t o  LDS0 e s t ima t ions ,  we 

a n t i c i p a t e d  t h a t  our s t u d i e s  i n  humans exposed t o  t h e r a p e u t i c  i r r a d i a t i o n s  

would add t o  t h e  e x i s t i n g  d a t a  base. 

constructed from lower animal ex t r apo la t ions  based upon damage t o  t h e  

g a s t r o i n t e s t i n a l  ( G I )  t r a c t  and t h e  bone marrow. 

This d a t a  base  has  gene ra l ly  been 

I n  p a r a l l e l  t o  our s t u d i e s  i n  man, w e  made experimental  s t u d i e s  i n  

mice t o  determine t h e  accumulation rates of g a s t r o i n t e s t i n a l  and marrow 

damage when w e  used t h e  discont inuous METBI f r a c t i o n a t e d  d a i l y  exposures 

and t h e  continuous LETBI exposures. 

approximately equal  dosage t o  marrow and a l l  p a r t s  of t h e  g u t  from t h e  same 

exposure f i e l d  whose s t r e n g t h  w a s  e a s i l y  determined by thermoluminescent 

Mice were used because of t h e  

dosimetry. Mult iple  c e l l u l a r  r e p l i c a t i n g  systems were s tud ied  i n  them 

simultaneously t o  see whether t h e  l eng th  of t h e  r ad ia t ion - f r ee  in te rva l  would 

allow t h e i r  more r a p i d l y  r e p a i r i n g  systems t o  negate t h e  g r e a t e r  damaging e f f e c t  

of t h e  higher dose rate. The same d a i l y  dose level was s tud ied  w i t h  C57 and 

Blk 6 Cum mice i r r a d i a t e d  continuously a t  0.8, 1 .6 ,  and 3 . 2  R/hr i n  LETBZ 

and o t h e r s  pa i r - i r r ad ia t ed  with i d e n t i c a l  doses per  day de l ive red  a t  about 

4.0 R/min. 

levels w e r e  used: i n t e s t i n a l  c ryp t  m i t o t i c  index, i n t e s t i n a l  weight, h i s to -  

pathology of necropsy s e c t i o n s ,  pe r iphe ra l  blood-cell  counts and morphology, 

s p l e n i c  weight,  formation of endogenous e r y t h r o b l a s t  co lon ie s  i n  t h e  spleen,  

Mult iple  cri teria f o r  determining G I  and bone marrow r e p a i r  

1 0 2 9 3 0 1  
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3H-thymidine incorporat ion i n  r e p l i c a t i n g  ce l l s  and t e s t i c u l a r  weight. 

These d a t a  were c o r r e l a t e d  wi th  changes i n  t o t a l  body weight and a f t e r -  

s u r v i v a l  times i n  r e l a t i o n  t o  accumulated dose. 

50-day-old ( r ad iosens i t i ve )  mice, and 120-day-old ( r a d i o r e s i s t a n t )  mice. 

Two ages of mice were used: 

Our f ind ings  d id  n o t  support  our i n i t i a l  t h e s i s  t h a t  t h e  mouse would 

withstand t h e  f r a c t i o n a t e d  high-dose-rate d a i l y  exposures b e t t e r  t han  t h e  

continuous low-dose-rate ones. 

and t h e  white blood c e l l  levels  proved too r a d i o s e n s i t i v e  t o  show any 

evidence of r e p a i r  i n  e i t h e r  system of exposure a t  t h e  dose rates used. 

Changes i n  i n t e s t i n a l  length,  weight, and c ryp t  mitoses ,  on t h e  o t h e r  hand, 

seemed t o  i n d i c a t e  equal  levels of good r e p a i r .  S i g n i f i c a n t  d i f f e r e n c e s  i n  

response were found i n  changes i n  t o t a l  body weight (Fig. 80), RBC i n d i c e s  

and s i z e  d i s t r i b u t i o n ,  spleen weight (Fig. 81), and numbers of endogenous 

e r y t h r o b l a s t  colonies ,  and i n  mean-after-survival times. 

t h a t  w a s  ha l f  t h a t  c r i t i c a l  f o r  t h e  a d u l t  (70 R/day) t h e  young mice showed 

these  responses t o  a pronounced ex ten t .  

The germinal epi thel ium of t h e  mouse testis  

A t  a dose (35 R/day) 

Obviously, more d a t a  w a s  needed f o r  t h e  lowest exposure groups, while  

da t a  from t h e  o the r  two exposure l e v e l s  show t h a t  almost a l l  deaths  were 

due t o  e r y t h r o b l a s t i c  f a i l u r e  t o  r e p l e n i s h  RBC l o s t  through senescence. 

anemia developed, progressive loss i n  t o t a l  body weight occurred. Sp len ic  

s i z e  increased and then decreased as endogenous s p l e n i c  e r y t h r o b l a s t i c  

c lones a r o s e  and disappeared. Red blood ce l l  s i z i n g  showed t h a t  t h e s e  

a b o r t i v e  s p l e n i c  co lon ie s  were c o r r e l a t e d  i n  time wi th  t h e  appearance of 

macrocytic red cel ls  t h a t  approached mouse f e t a l  RBC i n  s i z e .  No dea ths  

due t o  i n f e c t i o n  were found even though a l l  mice had severe leukopenia and 

thrombocytopenia a t  a l l  t h e s e  expose l e v e l s  and pa t t e rns .  

A s  

I n  a d d i t i o n ,  

1 0 2 9 3 0 8  
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none had granulocyt ic  myelopoietic hyperplasia  as a measurable r e p a r a t i v e  

response. 

All s i g n s  of r e p a r a t i v e  responses and f a i l u r e s  i n  these  systems j u s t  

described occurred a t  lower accumulated doses and elapsed t imes i n  t h e  mice 

exposed t o  35 and 70 R/day discont inuously a t  4.0 R/min than i n  mice exposed 

t o  t h e  same d a i l y  dose continuous a t  1.5 R/hr. 

The results of t h e s e  e a r l y  experiments seem t o  show t h a t  i n  t h e  mouse, 

as w e l l  as i n  man, discontinuous r a d i a t i o n  exposures a t  high dose rates are 

more d e l e t e r i o u s  than t h e  same d a i l y  dose given continuously a t  a low dose 

rate. 

it would seen t h a t  t h e  lower continuous exposure causes less c e l l u l a r  

damage by providing time between "h i t s "  f o r  i n t r a c e l l u l a r  r e p a i r  t o  occur 

be fo re  t h e  second h i t .  A s  a r e s u l t ,  less  l e t h a l  c e l l u l a r  damage r e s u l t s  

and less r e p l i c a t i o n  by surviving c e l l s  was demanded i n  t h e  c r i t i c a l  

c e l l u l a r  system. 

Since no d i f f e r e n c e s  are seen q u a l i t a t i v e l y  i n  t h e  r e p a i r i n g  systems, 

Our observat ions on changes i n  body weight suggested t h a t  t h e  higher 

r a d i o s e n s i t i v i t y  of t h e  young animal may be due t o  g r e a t e r  somatic growth 

demands f o r  p r o t e i n  s y n t h e s i s  i n  a d d i t i o n  t o  t h a t  of i t s  smaller, s t i l l  

developing, stem-cell population as previously demonstrated by Yuhas and 

S to re r .  

while ,  conversely,  adequate r e p a r a t i v e  c e l l u l a r  r e p l i c a t i o n  would r e t a r d  

muturation of o t h e r  systems. 

Such demands would be a d r a i n  on i t s  smaller stem-cell pool 

N e x t ,  w e  extended t h e s e  observat ions t o  studying t h e  onset  t i m e  of 

s p l e n i c  colony formation, t h e  number and s i z e  of colonies  found, and t h e  

corresponding changes i n  s p l e n i c  weight. 

C57 black 6/cum male mice were placed i n  i r r a d i a t i o n  groups under two 

(I) mice were i r r a d i a t e d  continuously (20 t o  24 hrs/day) a t  t h r e e  regimens: 

I 0 2 9 3  I I 
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rates of exposure (0.8, 1.6, and 3.2 R/hr) and received 16-19, 32-38, o r  

64-77 R/day; (2) o t h e r  mice were p a i r - i r r a d i a t e d  a t  3.6 R/min, d a i l y  

r ece iv ing  t h e  t h r e e  same t o t a l  exposures pe r  day. 

when they had assumulated s p e c i f i c  doses. 

Bouin's f i x a t i v e ,  and colonies  counted. 

ignore t h e  small colonies  a l l  were counted. 

count and t h e i r  q u a n t i t a t i o n  i s  less dependable than t h a t  of t hose  g r e a t e r  

than 1 mm i n  diameter bu t  t h e i r  appearance t h e  is  b i o l o g i c a l l y  s i g n i f i c a n t .  

Animals were k i l l e d  

Spleens were weighed, f i x e d  i n  

Although i t  i s  u s u a l  procedure t o  

Small ones are d i f f i c u l t  t o  

I n  Fig. 82 t hese  r e s u l t s  are shown as sp leen  weight,  time of sp l een  

colony appearance (S), and time of l a r g e  colony development (L) i n  r e l a t i o n  

t o  accumulated exposure i n  R. I n  mice exposed a t  18 R/day, sp l een  weight 

decreased i n i t i a l l y  about 25% and then remained constant  u n t i l  approximately 

2200 R had accumulated. Then spleen weight began inc reas ing  i n  mice exposed 

i n  both t h e  continuous and discontinuous modes. 

i nc rease  i n  spleen weight w a s  g r e a t e r  i n  continuously i r r a d i a t e d  mice, 

formation of d i s c r e t e  co lon ie s  w a s  no t  observed i n  them, b u t  was  seen a t  

t h i s  t ime only i n  t h e  discont inuously i r r a d i a t e d  mice (2200 R). 

Although t h e  rate of 

A t  35 R/day ( the  approximate human t h e r a p e u t i c  exposure rate i n  LETBI) 

mice exposed i n  t h e  continuous mode respond t o  a n  accumulated dose of 700 R 

with a 30% decrease i n  spleen s i z e  and with i n i t i a t i o n  of colony formation. 

Those exposed discont inuously respond dramatical ly  t o  t h e  same accumulated 

exposure as e x h i b i t i e d  by reduced spleen weight (50% of normal) and by 

t h e  i n i t i a t i o n  of spleen colony formation. With both modes of i r r a d i a t i o n  

a t  t h i s  d a i l y  rate, as w e l l  as a t  70 R/day, i nc rease  i n  sp l een  weight w a s  

r e l a t e d  to colony p r o l i f e r a t i o n  (L) ,  n o t  colony formation ( S ) .  Colony for-  

mation w a s  begun during o r  immediately following t h e  time of minimum s p l e e n  

weight; maximum p r o l i f e r a t i o n  corresponded t o  g r e a t e s t  spleen weight. 

1 0 2 9 3 1 2  
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Spleen weight i n  70 R/day mice never achieved t h e  maximum v a l u e s  

observed i n  t h e  two lower exposure rate groups. Only a t  t h i s  h ighes t  ex- 

posure rate,  however, did co lon ie s  become s u f f i c i e n t l y  l a r g e  and numerous 

(up t o  40/spleen est imated)  t o  become confluent  over t h e  s u r f a c e  of t h e  

spleen. 

o the r  group t h a t  approached t h i s  degree of p r o l i f e r a t i o n  of  sp l een  colonies. 

Mice exposed t o  35 R/day i n  t h e  discont inuous mode were t h e  only 

W e  i n t e r p r e t e d  these  r e s u l t s  i n  terms of r a d i a t i o n  damage and recovery 

t o  mean t h a t :  

c e l l u l a r  r e p a i r  mechanisms so t h a t  accumulated R "overestimates" r e s i d u a l  

damage. The level of accumulated r e s i d u a l  damage does no t  induce 

formation and p r o l i f e r a t i o n  of s p l e n i c  co lon ie s  u n t i l  2200 R o r  more have 

accumulated. 

uously, and s i n c e  rhe delayed peak i n  spleen weight is g r e a t e r  i n  t h e  

continuously exposed mice, w e  assumed t h a t  r e s i d u a l  damage has  outweighed 

r e p a i r  i n  t h e  discont inuously exposed mice wh i l e  i n  t h e  continuous regimen 

repair had maintained a t  l eas t  an advantage over damage and may have even 

been producing a s ta te  of "over compensation." 

a t  18  R/day, t h e  rate of damage induct ion i s  deprec i a t ed  by 

Since t h i s  " turn on" occurs  only i n  mice i r r a d i a t e d  discont in-  

A t  35 R/day t h e  rate of damage induct ion apparently,exceeded repara- 

b i l i t y  e a r l y  (1100 R) and formation and p r o l i f e r a t i o n  of s p l e n i c  co lon ie s  

w a s  a vigorous response t o  systemic demands f o r  blood c e l l  formation, a 

response which produces an a b o r t i v e  splenomegaly and macrocytosis of t h e  RBC 

and which temporarily delays t h e  onset  of a l e t h a l  anemia. 

A t  70 R/day t h e  r e p a r a t i v e  processes are quickly overwhelmed and 

damage accumulates s u f f i c i e n t l y  t o  e l i c i t  formation of spleen co lon ie s  

almost a t  once (500 R) but  t h e i r  p r o l i f e r a t i o n ,  as shown by t h e  appearance 

of l a r g e  co lon ie s ,  is  suppressed u n t i l  1500 R have accumulated. A t  t h i s  



level  t h e  70 R/day mice began to e x h i b i t  t h e  severe radiation-induced 

anemia which eventual ly  was t h e  main cause o f  death.  

These r e s u l t s  suggested t h a t  a t  low dose rates t h e  physiologic  level 

of hematopoietic damage depends upon dose rate and not  dose, t h a t  recovery 

from such r a d i a t i o n  damage was t r igge red  by t h e  ra te  a t  which r e s i d u a l  o r  

unrepaired damage w a s  accumulated, and Chat endogenous stem-cell p r o l i f e r a -  

t i o n  w a s  a l s o  highly dose-rate dependent. Our f ind ings  concerning s p l e e n  

colony formation and p r o l i f e r a t i o n  confirmed previous observat ions i n  

which w e  compared t h e  response of mice t o  continuous and discont inuous 

r a d i a t i o n  using s u r v i v a l ,  s p l e n i c  weight, and t o t a l  body weight as endpoints.  

Mice i n  t h e  discontinuous mode receive t h e  r a d i a t i o n  over a s h o r t  per iod of 

t ime a t  a medium-exposure rate ( 3 . 6  R/min) and have a long r ad ia t ion - f r ee  

period during t h e  day, while t h e  mice i n  the  continuous mode were exposed 

a t  a l o r e x p o s u r e  rate and had a s h o r t  o r  no r ad ia t ion - f r ee  i n t e r v a l .  Spleen 

colony formation and p r o l i f e r a t i o n  i n  mice i r r a d i a t e d  i n  t h e s e  two modes a t  

18 R,  35 R, and 70 R/day demonstrated t h a t  dose-rate e f f e c t s  predominate 

r e g a r d l e s s  of t h e  l eng th  of r ad ia t ion - f r ee  periods.  Discontinuously 

i r r a d i a t e d  mice e x h i b i t  damage ear l ie r  (spleen colony formation) and r e p a i r  

later (colony P r o l i f e r a t i o n )  than t h e  continuously i r r a d i a t e d .  

Thus, our d a t a  suggests  t he  f a c t  t h a t  because t h e  rodent sp l een  has  a 

tremendous capaci ty  t o  inc rease  i ts  hematopoietic c e l l  ou tpu t ,  i t s  r o l e  i n  

t h e  s u r v i v a l  of mice and ra ts  i r r a d i a t e d  a c u t e l y  ( s i n g l e  l a r g e  exposures) 

has been ex tens ive ly  s tudied.  Although i t  was thought t h a t  removal of t h e  

spleen would hinder recovery of t h e  blood-forming system, s e v e r a l  i n v e s t i -  

50/30 g a t o r s  have shown t h a t  splenectomy no t  only does no t  reduce t h e  acu te  LD 

of rodents ,  but  i n  some s t u d i e s  has been r ad iop ro tec t ive .  This i s  

apparent ly  due t o  t h e  removal of t h e  source of a s p l e n i c  f a c t o r  t h a t  i n h i b i t s  
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bone marrow m i t o t i c  a c t i v i t y  necessary f o r  recovery. 

The importance of t h e  spleen t o  s u r v i v a l  of exposures t o  continuous 

i r r a d i a t i o n  has n o t  been previously determined i n  mice. Several  s t u d i e s  

have been made elsewhere on a d u l t  rats given 50 t o  85 R/day cont inuously 

up t o  t o t a l  exposures of 4000 R. As i n  our  mice, i n t a c t  i r r a d i a t e d  rats 

develop a massive s p l e n i c  e ry th ro id  hype rp la s i a  and marrow c e l l u l a r i t y  

becomes progressively reduced. Because t h e  p o s t i r r a d i a t i o n  hematopoietic 

recovery p a t t e r n s  of i n t a c t  and splenectomized rats are similar, the r o l e  

of t h e  spleen i n  to l e rance  t o  prolonged continuous i r r a d i a t i o n  was n o t  

def inable .  

recovery p a t t e r n s  of t h e  mononuclears and p l a t e l e t s .  The p l a t e l e t s  response 

seemed t o  be improved by splenectomy and r e s u l t e d  i n  a g r e a t e r  mean-after- 

s u r v i v a l  time when i r r a d i a t i o n  w a s  a t  84 rads/day. 

was a t t r i b u t e d  t o  enhanced maintenance of t h e  p l a t e l e t  counts  i n  t h e  

splenectomized rats. 

I n  another  s i m i l a r  r a t  s tudy,  a d i f f e r e n c e  was  found i n  t h e  

This increased s u r v i v a l  

I n  our s t u d i e s  on t h e  s u r v i v a l  mechanisms of C57BL/6 male mice under 

continuous i r r a d i a t i o n ,  s u f f i c i e n t  numbers of splenectomized mice w e r e  

i r r a d i a t e d  a t  0.8 R/hr, 1 .6  R/hr, and 3.2 R/hr f o r  s t a t i s t i c a l l y  s i g n i f i c a n t  

r e s u l t s .  Daily exposures were 18.5, 37.0, and 70.0 R/day, r e spec t ive ly .  

Splenectomies were performed when t h e  mice were ~ 1 2 0  days o l d  and i r r a d i a -  

t i o n  s t a r t e d  30 days af ter  surgery.  

where a l l  animals are exposed u n t i l  death,  s e r i a l - s a c r i f i c e  s t u d i e s  were 

performed on mice i r r a d i a t e d  a t  1.6 and 3.2 R/hr. 

measurement of "Fe-ferrokinetics, WBC and RBC counts ,  hematocri t ,  and 

hemoglobin. P l a t e l e t  counts and WBC d i f f e r e n t i a l s  were no t  made. Resu l t s  

of t h e  m o r t a l i t y  experiments are shown i n  Fig. 83. 

I n  a d d i t i o n  t o  m o r t a l i t y  experiments 

These s t u d i e s  included 

A t  t h e  h ighes t  exposure 
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rate (3.2 R/hr) t h e r e  was no d i f f e r e n t  mean-after-survival (MAS) between 

splenectomized (MAS $58 days) and i n t a c t  i r r a d i a t i o n  mice (MAS Q58 days 

a l s o )  of similar age. 

t h e  1.6 R/hr exposures. The MAS (128 days) of t h e  splenectomized m i c e  was 

only 83% of t h a t  (155 days) of i n t a c t  i r r a d i a t e d  con t ro l s .  

t h i s  experiment has  confirmed t h i s  depression i n  s u r v i v a l  rate. 

A s i g n i f i c a n t  d i f f e r e n c e  i n  s u r v i v a l  was seen dur ing  

Repe t i t i on  of 

The MAS 

of t h e  splenectomized mice i n  t h e  second s tudy was only 79% of t h a t  of i n t a c t  

mice. 

d i f f e r e n c e  i n  t h e  s u r v i v a l  times of i n t a c t  (MAS ~ 2 9 3  days) and splenectomized 

mice (MAS 298 days). 

Thus, t h e  r ad iop ro tec t ive  e f f e c t  descr ibed a f t e r  splenectomy and 

A t  our lowest exposure rate (0.8 R/hr) we found no s i g n i f i c a n t  

acu te  i r r a d i a t i o n  i n  mice and a f t e r  splenectomy and continuous i r r a d i a t i o n  

i n  rats w a s  not found i n  our s tudy using cont inuously i r r a d i a t e d  C57BL/6 

mice. To t h e  cont ra ry ,  splenectomy was de t r imen ta l  t o  those  i r r a d i a t e d  a t  

the  1.6 R/hr rate, which is t he  r a t e  t h a t  produces t h e  g r e a t e s t  s p l e n i c  

e r y t h r o b l a s t i c  response. We analyzed h i s t o l o g i c  d a t a  t o  expla in  t h e  in- 

cons is tency  of the  de t r imen ta l  e f f e c t  of splenectomy on t h e  to l e rance  of 

mice f o r  continuous r a d i a t i o n .  Terminal his topathology of t h e  mice i n  t h e  

m o r t a l i t y  experiment a t  1 .6  R/hr cons is ted  of an almost complete dep le t ion  

of a l l  hematopoietic elements i n  marrow of t h e  splenectomized mice. Since 

the  marrows of t h e  i n t a c t  mice contained myeloid and e ry th ro id  f o c i  and 

the  sp leens  of t hese  mice o f t e n  have s i g n i f i c a n t  hematopoietic f o c i ,  i t  is  

p o s s i b l e  t h a t  t h e  sp leen  i s  needed t o  reseed the  marrow. The r e s u l t s  

obtained i n  the  serial s a c r i f i c e  experiments showed t h a t  t h e  a l t e r a t i o n s  of 

t h e  pe r iphe ra l  RBC and WBC populat ions of t h e  splenectomized mice co inc ide ,  

both i n  time and magnitude, wi th  those  of t h e i r  analogous i n t a c t  i r r a d i a t e d  
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c o n t r o l s  a t  both 1.6 and 3 . 2  R/hr,  so  w e  were unable t o  q u a n t i t a t e  any e f f e c t  

of splenectomy on hematopoietic r egene ra t ive  capac i ty  i n  usua l  hematologic 

terms. 

We had not previously s tud ied  lymphopoietic r e p a i r  during low-dose-rate 

exposures, although it  w a s  w e l l  known t h a t  ex tens ive  lymphoid atrophy of 

a l l  organs develops. 

lymphoreticular r e p a i r  t o  study t h e  s u r v i v a l  time p a t t e r n s  of several mouse 

s t r a i n s  under continuous i r r a d i a t i o n  a t  rates used c l i n i c a l l y  i n  t o t a l  body 

We chose as a f i r s t  approach to  t h e  problem of 

i r r a d i a t i o n  therapy. We obtained l e t h a l i t y  curves i n  r e l a t i o n  t o  accumulated 

"doses" (R) i n  f i v e  s t r a i n s  of mice: 

and AKR. Our s t u d i e s  on r a d i a t i o n  suppression of e ry th ropo ies i s  have been 

done p r i n c i p a l l y  on C57BL/6 Cum, because i t  is a long-lived r a d i o r e s i s t a n t  

s t r a i n  and upon C57BL/Cum, i t s  r a d i o s e n s i t i v e  parent  s t r a i n .  Our i n c l u s i o n  

a l s o  of AKR s t r a i n  mice w a s  suggested by t h e  r e c e n t  study of Perkins  e t  a l .  

(25) who showed t h a t  t h e  AKR mouse had an unusually low l e v e l  of immuno- 

hematopoietic competence. This  s t r a in ,  w e l l  known f o r  i t s  90% incidence of 

a virus-associated thymic lymphoma, has an exceedingly s h o r t  (approximately 

275 day) mean l i f e  span. It has a low r e s i s t a n c e  t o  promptly given s i n g l e  

doses of r a d i a t i o n  (LD 

r a d i o s e n s i t i v e  even though much longer l i ved .  Perkins  e t  a l .  showed t h a t  

t h e  immunoincompetence of t h e  AKR mouse i s  expressed i n  p a r t  by an i n a b i l i t y  

t o  s u s t a i n  t h e  growth of exogenous colony-forming u n i t s  i n  i ts  spleen,  a 

c a p a b i l i t y  t h a t  w e  b e l i e v e  is  required f o r  compensatory e ry th ropo ies i s  

during continuous low-dose-rate i r r a d i a t i o n .  The AKR mouse seemed t h e r e f o r e  

t o  o f f e r  a unique opportuni ty  i n  our system t o  study whether human therapy 

levels of i r r a d i a t i o n  would (1) a l t e r  t h e  high lymphoma incidence of t h i s  

C3BF1, C57BL/6 Cum, C57BL/Cum, BALB/c, 

= %600 R). For unknown reasons BALB/c i s  more 50/30 
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s t ra in ,  (2) a f f e c t  t h e  leukemic process  once i t  was i n i t i a t e d ,  and (3) 

decrease mean s u r v i v a l  time by some process o t h e r  than a p l a s t i c  anemia. 

t h e  unusual inrmunoincompetence of t h i s  s t ra in  w a s  worsened by i r r a d i a t i o n ,  

one might expect an earlier onse t  of thymic lymphoma i n  some animals a long 

with a decrease i n  i t s  incidence because of radiation-induced thymic 

d e s t r u c t i o n  i n  o the r s .  

t h i s  s t r a i n  might be expressed as poor s p l e n i c  production of endogenous 

e r y t h r o b l a s t s  w i th  e a r l y  dea th  from a p l a s t i c  anemia. 

I f  

Possibly a l s o  t h e  r epor t ed  immunolncompetence of 

Fract ionated doses of r a d i a t i o n  (150 R a t  t h r e e  weekly exposures) can 

shorten t h e  l a t e n t  period and increase t h e  incidence of a similar leukemia 

i n  C57BL/6 mice and t h a t  24 R/day (our lowest 

day i s  approximately 10 R i n  LETBI) given t o  t h i s  mouse s t r a i n  w i l l  i n c r e a s e  

the leukemia incidence from about 12% to  about 60%. I n  AKR mice, however, 

previous s t u d i e s  of leukemogenesis have included leukemia induct ion time 

without a l t e r a t i o n  of t h e  high incidence.  

human t h e r a p e u t i c  dose p e r  

Two ages of AKR mice were a v a i l a b l e  t o  us: 40-day-old females and 

The two "retired-breeder" females of unce r t a in  age (about 120 days o l d ) .  

age groups were divided i n t o  t h r e e  subgroups: 

i r r a d i a t e d  mice a t  1.6 R/hr o r  37 R/day, and i r r a d i a t e d  mice a t  3.2 R/hr 

o r  74 R/day. 

h i s t o l o g i c  s tudy of t h e  thymus, lungs,  l i v e r ,  spleen,  and s t e r n a l  bone 

marrow; y e t  about ha l f  were too autolyzed f o r  h i s t o l o g i c  s tudy bu t  con t r ibu ted  

d a t a  f o r  determining t h e  l eng th  of s u r v i v a l .  

percentage m o r t a l i t y  of t h e  AKR, C57BL/Cum, BALB/c, C57BL/6 Cum, and C3BF1 

s t r a i n s  under continuous i r r a d i a t i o n  a t  1.6 R/hr,  as a func t ion  of 

accumulated dose. The s t e e p l y  r i s i n g  curves of t h e  o the r  f o u r  s t r a i n s  

s tand i n  marked c o n t r a s t  with t h e  slowly r i s i n g  curve of t h e  two age groups 

u n i r r a d i a t e d  c o n t r o l s ,  

We observed t h e  mice c l o s e l y  t o  o b t a i n  prompt necropsies  f o r  

Figure 84 is a graph of t h e  
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of AKR. A t  t h i s  low-dose-rate, s u r p r i s i n g l y ,  there was no d i f f e r e n c e  i n  

apparent s e n s i t i v i t y  between t h e  40-day-old and t h e  "retired-breeder" AKR. 

This r e l a t i v e l y  slow r i s i n g  curve f o r  number of dea ths  pe r  dosage-increment 

i n d i c a t e s  a wide va r i ance  i n  r a d i o s e n s i t i v i t y  among d i f f e r e n t  animals and 

suggests  t h a t  more than one l e t h a l  mechanism may b e  ope ra t ive .  The first 

d i f f e r e n t i a l s  of t h e  o t h e r  sigmoid curves are single-peaked d i s t r i b u t i o n s  

i n d i c a t i v e  of only one l e t h a l  process.  

and t h e  s teepness  of both seem t o  be  r e l a t e d  t o  homogeneity of t h e  mice, 

here  expressed as r a d i o s e n s i t i v i t y .  

mathematical d i f f e r e n t i a t i o n  of t h e  AKR m o r t a l i t y  curve,  t h i s  i r r e g u l a r l y  

r i s i n g  l i n e  i s  roughly t h e  sum of two s e p a r a t e  subgroups of dea ths  that  occur 

with peak incidences a t  q u i t e  d i f f e r e n t  accumulated doses. 

The apparent ly  sha rp  lower th re sho lds  

While t h e  d a t a  are t o o  few f o r  

Gross anatomical and h i s t o l o g i c  s t u d i e s  i n  a l l  groups were i n d i c a t i v e  

of dea ths  occurr ing a f t e r  more than 4000 R due t o  s p l e n i c  and marrow atrophy. 

The da ta  from t h e  h i s t o l o g i c  s tudy of i r r a d i a t e d  AKR mice a t  dea th  

were obtained f o r  t h e  young and a d u l t  groups exposed continuously a t  1.6 

and 3.2 R/hr. 

summarized i n  Table 1 7  as percent  incidence of lymphoma, thymic atrophy,  

lung adenosis and adenomas, complete s p l e n i c  a t rophy,  and presence of s p l e n i c  

e r y t h r o b l a s t i c  colonies .  

The d a t a  from 48 necropsies  and h i s t o l o g i c  s t u d i e s  are 

The approximate mean accumulated doses f o r  t h e  

four  groups are shown along with the  average s u r v i v a l  t i m e .  

AKR mice have a mean l i f e - span  of about 275 days and t h e i r  n a t u r a l  incidence 

of lymphoma is  about 90%. fo r  females. 

lymphoma was 40X and occurred i n  t h e  a d u l t  mice a t  t h e  lower exposure 

rate.  

t o  3.2 R/hr bu t  t h i s  may simply mean t h a t  they d id  no t  l i v e  long enough t o  

Un i r r ad ia t ed  

Here t h e  h ighes t  incidence of 

We completely suppressed lymphoma i n  t h e  40-day-old mice exposed 

1 0 2 9 3 2 2  
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show it. 

s e n s i t i v e  t h a t  w e  have observed; mean accumulated dose a t  dea th  was about 

2600 R and complete thymic atrophy occurred w i t h i n  t h e i r  35-day s u r v i v a l  

period. Seventeen percent  of t h e s e  young m i c e  i r r a d i a t e d  a t  1.6 R/hr 

developed lymphoma between 50 t o  60 days of continuous i r r a d i a t i o n ,  when they 

were 90 t o  100 days old.  

The AKR mice of both age groups given 3.2 R/hr were t h e  most radio- 

The 27% of a d u l t  mice, on t h e  o t h e r  hand, t h a t  

developed leukemia did so between accumulated doses of 1500 and 2500 R 

a t  3.2 R/hr (20 t o  34,days) .  However, accumulated doses between 2900 and 

5000 R a t  1.6 R/hr (78 t o  135 days) were a s soc ia t ed  wi th  t h e  induc t ion  of 

lymphoma i n  40%. 

r a t h e r  than augmented by i r r a d i a t i o n  because t h e s e  animals a f t e r  135 days 

of exposure were approaching t h e i r  normal l i f e  span of 275 days. 

noteworthy t h a t  t h e  thymus of only one mouse was nonleukemic and nonatrophic,  

i n  an a d u l t  female dying f o r  unknown reasons a f t e r  only 765 R wi th  an 

apparent ly  e f f e c t i v e  e r y t h r o p o i e t i c  response of marrow and spleen. 

o t h e r  thymuses werc! e i t h e r  enlarged and lymphomatous o r  extremely small due 

t o  l o s s  of lymphoid and h i s t i o c y t i c  cel ls ,  sometknes wi th  only t h e  p r i m i t i v e  

epi thel ium remaining. 

o r  absence of a s p l e n i c  e r y t h r o p o i e t i c  response. 

was q u a n t i t a t i v e l y  poor i n  a l l  animals compared t o  s i m i l a r l y  i r r a d i a t e d  

C57BL/6 Cum mice. When thymic lymphoma was p resen t ,  i t s  metastatic spread 

masked any normal s p l e n i c  response t o  radiation-induced marrow damage. 

The reduced lymphoma incidence i n  t h e  a d u l t  mice was n o t  accompanied a t  

t h e  lower exposure ra te  by a decrease i n  induct ion time bu t  was when they  

were exposed a t  t h e  higher  rate. 

rates of exposure, t h a t  were f r e e  of lymphoma, appeared t o  d i e  from complete 

marrow and s p l e n i c  atrophy. 

Some of t h e s e  l a t e  lymphomas could have been spontaneous 

It is  

A l l  

This atrophy of t h e  thymus was  un re l a t ed  t o  presence 

Splenic  e r y t h r o p o i e s i s  

The ma jo r i ty  of mice a t  both ages and 

- 

For t h e  f i r s t  time i n  our experience i n  t h e s e  
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low dose r a t e  s t u d i e s ,  we noted t h a t  some of t h e  e a r l y  nonlymphomatous deaths  

were as soc ia t ed  w i t h  bacteremias. 

The occurrence of pulmonary adenomas (Table 17) was completely unex- 

pected and, as f a r  as we know from a cursory search of t h e  l i t e r a t u r e ,  has  

not  been reported i n  AKR mice even though t h i s  s t r a in  w a s  der ived o r i g i n a l l y  

from s t r a i n  A mice having an extremely high incidence of t h e s e  tumors. An 

a t r o p h i c  thymus (or t h e  absence of lymphoma?) seemed t o  be  a necessary 

condi t ion f o r  t h i s  process  t o  occur. 

i n  young Swiss mice t h a t  a f t e r  thymectomy t h e r e  is  an i n c r e a s e  i n  bo th  

Previously,  o t h e r s  (26) have shown 

t h e  spontaneous incidence of lung adenoma and t h e  ease with which i t  is  

induced by carcinogens. This e f f e c t  has  been a t t r i b u t e d  t o  t h e  impairment 

of immunocompetence t h a t  fol lows thymectomy and t h e  observat ion may exp la in  

why t h e  incidence of pulmonary adenomas w a s  less i n  our a d u l t  AKR mice than 

i n  t h e  young, s i n c e  i t  i s  w e l l  known t h a t  thymic a b l a t i o n  has  much less 

e f f e c t  upon immune mechanisms i n  a d u l t  mice than i n  young ones. These 

lung tumors were minute and obviously j u s t  beginning t o  develop i n  many 

instances.  Many would have been overlooked i f  only g ross  examinations had 

been made. I n  no in s t ance  were t h e  tumors l a r g e  enough t o  cause morbidity 

o r  death,  although an occasional  one f i l l e d  a s i n g l e  lobe completely. 

These observat ions a t  two dose ra tes  of continuous r a d i a t i o n  expo-. 

s u r e  suggest t h a t :  (1) AKR thymic lymphoma, i f  i t  develops during t h e  

treatment,  is  not  suppressed by t h e  i r r a d i a t i o n ,  (2)  i f  radiation-induced 

thymic atrophy develops quickly enough, leukemogenesis i s  prevented, and 

(3) radiation-induced thymic atrophy i s  similar t o  s u r g i c a l  thymectomy i n  

r e l e a s i n g  pulmonary-tumor formation from some normally cons t r a in ing  
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mechanism. The q u a n t i t a t i v e  and q u a l i t a t i v e  d i f f e r e n c e s  i n  t h e  responses 

of t h e  two age groups probably ref lect  t h e  well-known age d i f f e r e n c e s  i n  

immunocompetence. 
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Ann Arbor, 1967, ed i t ed  by Chris  J .  D. Zarofonet ic ,  Ph i l ade lph ia ,  Lea 
and Febiger, 1968, pp. 423-432. 
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Tokyo, Japan, March 1969, pp. 288-297. 
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25. Upton, A. C. and Lushbaugh, C. C.: 
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26. Andrews, G. A., Kniseley, R. M., Vodopick, Helen, Bergner, P.-E. E., 
and Lushbaugh, C. C.: 
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Hematologic Responses t o  Total-Body I r r a d i a t i o n ,  
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33. Lushbaugh, C. C., Corrill, L. S., Stokes, T. R., Humason, G., and 
Lushbaugh, D.: 
Radiation Exposure. Radiat. Res. 43: 212-213, 1970 (abstract). 

Mouse Splenic Stem-Cell Response to Protracted 

34. Cloutier, R. J. and Watson, E. E.: Radiation Dose from Radioisotopes 
in the Blood. In Medical Radionuclides: Radiation Dose and Effects. 
R. J. Cloutier,?. L. Edwards, and W. S. Snyder, editors. 
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1970 (abstract). 
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Lushbaugh, C. C.: P red ic t ed  Levels of Human Radiat ion Tolerance 
Extrapolated from C l i n i c a l  S tud ie s  of Radiat ion E f f e c t s .  I b i d . ,  
pp. 398-415. 
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Spacefl ight .  D. Grahn, ed. Radiobiological  Advisory Panel,  
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59. Beck, W. L., Stokes,  T. R . ,  and Lushbaugh, C .  C.: Dosimetry f o r  
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on the Performance Decrement E f f e c t s  of Total-Body I r r a d i a t i o n .  
Health Phys. 27: 614, 1974 ( a b s t r a c t ) .  
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B. Medical Divis ion Documented Computer Programs f o r  NASA Study 

These programs were w r i t t e n  by Earl  McDow, Edward Frame, P a u l e t t e  

Aaron, and Mona Smith and are a v a i l a b l e  on reques t  from t h e  Computer 

F a c i l i t y ,  Medical Division. 

1. Greater Than Eight Days Nursing Notes Program - Summarizes 
t h e  nurses  no te s  f o r  response t o  nausea, anorexia ,  and/or 
vomiting. A modi f ica t ion  summarizes f o r  less than e i g h t  day 
exposures. 

2. Greater Than Eight Days Hematology Program - L i s t s  da t a  f o r  
WBC, p l a t e l e t s ,  and RBC f o r  t h e  per iod of exposure p lus  45 
days. 
exposures. 

A modi f ica t ion  summarizes f o r  less than e i g h t  day 

3. Tota l  Audit Program - Gives a genera l  a u d i t  of t h e  d a t a  i n  t h e  
Ret rospec t ive  S tudies  Data Bank wi th  r e spec t  t o  t h e  number of 
p a t i e n t s ,  cases  of exposure, males, females, etc. Modif icat ions 
make a u d i t s  of t h e  groups of exposure such as g r e a t e r  than  e i g h t  
day exposure, less than e i g h t  day exposure, Heublein exposure, 
and s i n g l e  exposure. 

4. Hematology P l o t  Program - P l o t s  t h e  WBC and p l a t e l e t  count 
va lues  f o r  a p a t i e n t ' s  per iod of exposure i n  l i n e a r  and logr i thmic  
form. 
days. 

Mul t ip le  p l o t s  are made f o r  exposures of g r e a t e r  than  42 

5 .  Prob i t  Analysis Program - Calcula tes  t h e  va lue  f o r  a and b i n  t h e  
equation y = a + bx, t h e  p r o b i t s ,  and t h e  confidence l i m i t s  f o r  
given input  data .  
confidence l i m i t s .  

A p l o t  i s  then made of t h e  l i n e  and t h e  

6. I d e n t i f i c a t i o n  Summary Program - Summarizes t h e  i d e n t i f i c a t i o n  
da ta  f o r  t h e  g r e a t e r  than and less than e i g h t  day exposure 
p a t i e n t s .  

7.  Diagnosis Addition Program - Adds t h e  diagnosis  codes t o  t h e  
a l ready  e x i s t i n g  summary tapes .  

8. Tape Correct ion Program - Makes any co r rec t ions  t o  e x i s t i n g  
d a t a  bank tapes i n  maintenance of t h e  d a t a  bank. 

Nursing Notes Program f o r  P o r t a l  I r r a d i a t i o n  - Summarizes responses 
of anorexia,  nausea, and vomiting f o r  p o r t a l  i r r a d i a t i o n  exposures. 

9. 
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10. Response Summary Program f o r  P o r t a l  I r r a d i a t i o n  - Writes 
t o  magnetic t a p e  summary of p o s i t i v e  nu r ses '  n o t e s  responses 
and g ives  l i s t i n g  of a l l  p a t i e n t  summaries. 

11, P o r t a l  I r r a d i a t i o n  - Weibull Function Program - Stud ies  
r a d i a t i o n  s i ckness  using t h e  Weibull model. Ca lcu la t e s  
responses and nonresponses f o r  each dose from 1 t o  40 and 
c a l c u l a t e s  cumulative responses.  
a n a l y s i s  using t h e  Weibull model. 

Does l i n e a r  r eg res s ion  

12. P o r t a l  I r r a d i a t i o n  Frequency Program - Calcu la t e s  t h e  frequency 
of p o s i t i v e  response t o  anorexia,  nausea, and vomiting f o r  each 
p a t i e n t  and groups t h e  frequencies ,  c a l c u l a t e s  t h e  pretreatment  
response frequencies ,  and does a grouping f o r  a l l  p a t i e n t s  
according t o  those frequencies.  

13. POUSP - P l o t s  t h e  raw power s p e c t r a  of t h e  pulmonary impedance 
d a t a  i n  t h r e e  dimension f o r  pub l i ca t ion .  

14. VARPT - P l o t s  t h e  average va r i ance  of t h e  pulmonary impedance 
waveform as a func t ion  of frequency i n  f i n a l  form f o r  pub l i ca t ion .  

15. ECOSV - Maintains t h e  i n t e g r i t y  of t h e  d i g i t a l  output  groups 
when used by m u l t i p l e  users .  

16. GT8M0, GT8M1, GT8M2, GT8M3, GT8M4 - P l o t s  t h e  g r e a t e r  t han  e i g h t  
day m u l t i p l e  exposure NASA data .  

17. LMP1, LMP2, LMP3, W 4 ,  LMP5 - Formats t h e  hematology d a t a  on 
t h e  LETBI and METBI p a t i e n t s  and p l o t s  va r ious  blood va lues  as 
a func t ion  of time. 

18. MDISK - Provides t h e  FORTRAN use r  with a f a s t  and easy method 
of a s ses s ing  complete d i s k  s e c t o r s  w i th in  a d i s k  d a t a  f i l e .  
uses  DISKN and provides both READ and WRITE func t ions  on t h e  
f i l e  p ro tec t ed  d a t a  f i l e s .  

MDISK 

19. LETBI (PULM, RR, BTIME, LETB2) - A combination of INSKEL sub- 
r o u t i n e s  which handle t h e  real time d a t a  a c q u i s i t i o n  from t h e  
LETBI console. 

20. GHIST - P l o t s  a histogram of t h e  RR i n t e r v a l  frequency t a b l e .  

21. MTCLS and MTSET - Used t o  maintain on d i s k  a cu r ren t  d i s k  f i l e  
of a l l  LETBI t a p e  numbers. 

22. MPCOR - P l o t s  on t h e  IBM 1627 t h e  t o t a l  va r i ance  of t h e  pulmonary 
impedance as a func t ion  of mean h e a r t  r a t e  f o r  each one minute 
i n t e r v a l  and each average over 4 minutes. 
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23. PSPEC - P l o t s  t h e  percent  frequency of t h e  RR i n t e r v a l  frequency 
t a b l e  as a func t ion  of h e a r t  rate. 

24. LETAN - Maintains t h e  LETBI t a p e  f i l e s  and c a l c u l a t e s  t h e  
v a r i a b l e s  required by t h e  i n v e s t i g a t o r .  
by adding a d d i t i o n a l  subrout ines  as t h e  d e s i r e s  of t h e  r e sea rche r  
change. 

This program is  changed 

25. MRDDF - Reads a requested record from t h e  LETBI d i s k  f i l e  LETBD 
and formats t h e  d a t a  i n t o  a r r a y  TBUF which is  s t o r e d  i n  COMMON 
f o r  u se  by a l l  o t h e r  LETBI programs and w r i t t e n  on t a p e  fo r  
permanent s t o r a g e  of LETBI data .  

26. SDIFF - Calculates  d i f f e r e n c e s  between elements i n  an a r r a y  
vector .  
of t h e  pulmonary impedance. 

Used i n  t h e  c a l c u l a t i o n  of t h e  power s p e c t r a l  e s t ima tes  

27. FAFT2 - Used by FTREA i n  t h e  c a l c u l a t i o n  of t h e  Four i e r  t r ans -  
-formation of an a r r a y  X. 

28. QRXl - Provides access t o  t h e  d i g i t a l  output  p o i n t s  used t o  
c o n t r o l  t h e  func t ion  l i g h t s  on t h e  LETBI console.  

29. F T W  - Calculates  t h e  Fourier  t ransform of a real  valued series 
using t h e  FFT alogrithm. 

30. WAR - Calcu la t e s  t h e  va r i ance  (low, medium, and high frequency),  
t o t a l  average va r i ance ,  and mean from t h e  va lues  i n  a r r a y  PS. 

31. IDWN - Takes t h e  d i g i t a l  i d e n t i f i c a t i o n  d a t a  from t h e  LETBI 
c o n t r o l  box packed i n  f i v e  words and formats t h e  d a t a  i n t o  seven 
words f o r  i nc lus ion  i n  TBUF. 

32. MIS - W i l l  expand two e i g h t  b i t  b ina ry  numbers packed i n  one 
word to  two 16-bit  words, i .e. ,  /xXnr  i s  expanded t o  /OOXX and 
/ OOYY . 

33. MLIST - P r i n t s  t h e  r e s u l t s  of t h e  a n a l y s i s  of t h e  pulmonary 
impedance and RR i n t e r v a l  data .  

34. MEANR - Calculates  t h e  number of observed events ,  t h e  mean, and 
t h e  s tandard dev ia t ion  of t h e  mean from a given frequency table. 
MEANR is used by t h e  LETBI a n a l y s i s  program t o  c a l c u l a t e  t h e  
number of h e a r t  b e a t s ,  t h e  mean RR i n t e r v a l ,  and t h e  s tandard 
dev ia t ion  of t h e  mean i n t e r v a l .  

35. ID99 - Removes a l l  r eco rds  with g r e a t e r  than 99 days exposure 
record from hematology tapes .  

36. SERCH - Reads and selects from concatenated d a t a  sets a l l  r eco rds  
of a chosen format; r eco rds  d a t a  c o l l e c t i v e l y  on magnetic tape.  
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37. PRBIN - S e l e c t s  r equ i r ed  d a t a  according t o  a given method f o r  
a p r o b i t  a n a l y s i s  from c o l l e c t e d  da ta .  

38. MANLY - MANLY can perform two funct ions:  I f  (1) t h e  ope ra to r  
r eques t s  a n a l y s i s  of t h e  LETBI d a t a  and (2) a n a l y s i s  has  n o t  
been done on a set of da t a ,  MANLY does t h e  a n a l y s i s  u s ing  t h e  
r equ i r ed  subrout ines  and then writes t h e  t a p e  record (TBUF). 
I f  a n a l y s i s  has  been done o r  i s  no t  des i r ed ,  t h e  sub rou t ine  
writes t h e  record wi th  TBUF unchanged. When f o u r  d a t a  sets 
(1-4) have been analyzed, MANLY c a l c u l a t e s  t h e  average RR and 
pulmonary va lues  f o r  fou r  minutes and sets NSET=5 and writes 
TBUF (average va lues )  on tape.  

39. MPSA - Calcu la t e s  t h e  power s p e c t r a l  estimates of t h e  pulmonary 
impedance d a t a  obtained from t h e  LETBI d a t a  a c q u i s i t i o n  program. 

40. MLOGL - P r i n t s  on t h e  1053 a log  of t h e  LETBI d a t a  processed. 
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CHAPTER VI1 

APPENDIX 

A. List of Cooperating Institutions in Retrospective Studies 

Hospitals Participatinp in Study 

Albert Einstein Medical Center 
Baylor University: Jefferson Davis Hospital 

V.A. Hospital at Houston 
Texas Medical Center 

Burge Protestant Hospital 
Cincinnati General Hospital 
City of Hope Medical Center 
Charity Hospital 
Colorado General Hospital 
Ellis Fischel State Cancer Center 
Franklin Hospital 
Jefferson Medical College 
Long Beach Community Hospital 
Los Alamos Hospital 
Mary Imogene Bassett Hospital 
Massachusetts General (McG) (LR) 
M.D. Anderson Hospital 
Medical College of Virginia 
New York Memorial Hospital (CH) (N) 
Oak Ridge Associated Universities Medical Division 
Penrose Cancer Clinic 
Peter Bent Brigham Hospital 
Portland: Emanuel Hospital 

Dr. Hyman's Clinic 
Portland Medical Center 

Princess Margaret Hospital 
Providence Hospital 
Rhode Island Accident 
Spokane: Deaconess Hospital 

Rockwood Clinic 
Sacred Heart Hospital 
Milo Harris Clinic 

Swedish Hospital 
Temple University 
Thomas M. Fitzgerald Mercy 
U . S .  Naval Hospital 
U. of California Medical School, S.F. 
U. of Michigan 
U. of Washington - V.A. Hospital at Denver 
V.A. Hospital at Long Beach 

N V.A. Hospital at New Orleans 
Vancouver: British Columbia Cancer Institute 

W Royal Columbian Hospital 
W Vancouver General Hospital 
CT White Memorial Medical Center 



214 

B. L i s t  of Contr ibut ing Medical Division S t a f f  Members 

Medical 

E. G. Ammerman 
G. A. Andrews 
Edward Bird 
F.V. Comas 
C. L. Edwards 
Dieter Emrich 
Kong-oo Goh 
F. A. Goswitz 
K. F. Hubner 
R. M. Kniseley 
C. C. Lushbaugh 
B. Nelson 
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R i t a  Holt  
Rufus Jackson 
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Benua Pack 
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Naomi P r e s n e l l  0 
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L i l l i e  Simmons W 
2 Marilyn Smith 
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Eugene Weaver 
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Mildred Bailey 
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Carol Chabot 
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Martha Clevenger 
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Lydia C o r r i l l  
J. T. Crockett  
Evelyn Cunningham 
Glenda F r i t t s  
Dorothy Gai ther  
W. D.  Gibbs 
J .  H.  Harmon 
Joyce Hewins 
Wanda Hodge 
Harold Hodges 
El izabeth Holloway 
J u l i a  Hopper 
Mildred Hyp 
Gretchen Humason 
Jane Kimbro 
Barbara LeClerc 
Kathryn Lore 
Willa Fae Loveday 
Dorothy Lushbaugh 
Kathryn McCulloch 
Maryrose McGown 
Jean McIntyre 
A. C.  Morris 
Francine P enning ton 
Evalyn Repplinger 
Robert Ricks 
Emily Roemer 
El izabeth Rupp 
B i l l i e  Ryan 
Evelyn Sipe 
Vivian Smith 
T. R. Stokes 
Katherine Stubbs 
Mary Thomas 
Mary Watkins 
Allen Webb 
Sondra Wilson 
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Thomas Akin 
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Martha Hansard 
J a n i c e  I shee  
Earl McDow 
Daniel  McFaddin 
Richard Queener 
Mona Smith 

, Jimmie Sanders 



CHAPTER VI11 

FIGURE LEGENDS 

Fig. 1 The cumulative onset  of anorexia  f o r  a l l  p a t i e n t s ,  p l o t t e d  
on probabi l i ty - log  scales. 
ment days, n o t  number of f r a c t i o n s .  
is  represented t h e  percentage of p a t i e n t s  who have had anorexia  up 
t o  t h e  designated day. 

The time s c a l e  r e p r e s e n t s  treat- 
I n  t h e  p r o b a b i l i t y  s c a l e  

Fig. 2 The cumulative onse t  of anorexia  f o r  p a t i e n t s  who were a n o r e t i c  b e f o r e  
i r r a d i a t i o n  (open c i r c l e s )  and f o r  those  who were not  prev ious ly  
a n o r e t i c  (closed c i r c l e s ) .  See legend on Fig. 1 f o r  f u r t h e r  d e t a i l s .  

Fig. 3 The cumulative onse t  of nausea f o r  a l l  p a t i e n t s .  See legend on 
Fig. 1 f o r  d e t a i l s .  , 

Fig. 4 The cumulative onse t  of nausea f o r  p a t i e n t s  who were nauseated b e f o r e  
i r r a d i a t i o n  (open c i r c l e s )  and f o r  t hose  without  previous nausea 
(closed c i r c l e s ) .  Shee legend of Fig. 1 f o r  f u r t h e r  d e t a i l s .  

Fig. 5 The cumulative onse t  of vomiting f o r  a l l  p a t i e n t s .  See legend on 
Fig. 1 f o r  d e t a i l s .  

Fig. 6 The cumulative onse t  of vomiting f o r  p a t i e n t s  who werevomi t ing  
before  i r r a d i a t i o n  (open c i r c l e s )  and f o r  those  who previous ly  did 
not  vomit (closed c i r c l e s ) .  See legend on Fig. 1 f o r  f u r t h e r  
d e t a i l s .  

Fig. 7 Cumulative p r o b a b i l i t y  of onse t  of anorexia ,  nausea,  and vomiting 
i n  p a t i e n t s  rece iv ing  p o r t a l  i r r a d i a t i o n .  

Fig. 8 Condit ional  p r o b a b i l i t y  of onse t  of anorexia ,  nausea,  and vomiting 
i n  p a t i e n t s  rece iv ing  p o r t a l  i r r a d i a t i o n .  

Fig. 9 Condit ional  p r o b a b i l i t y ,  i n  p a t i e n t s  r ece iv ing  p o r t a l  i r r a d i a t i o n ,  
t o  become a n o r e c t i c  or nauseated o r  t o  vomit f o r  t h e  second t i m e .  

Fig. 10  Overall p r o b a b i l i t y  of t h r e e  kinds of responses i n  p a t i e n t s  re- 
ce iv ing  p o r t a l  i r r a d i a t i o n .  

Fig. 11 Cutaway model of t h e  ORAU total-body i r r a d i a t i o n  f a c i l i t y .  
"Radiation-saf e ty"  measurements with a l l  sources  "OFF." 

Fig. 12 Entrance t o  maze i n t p  ORAU total-body i r r a d i a t i o n  room. 

Fig. 13 Ef fec t  of beam-shaping f i l t e r s .  

Fig. 1 4  Gamma-energy spectrum vs.  f i l t e r  th ickness .  Increas ing  shades 
of darkness shows t h e  in t roduc t ion  of a th i cke r  f i l t e r  series. 

1 0 2 9 3 3 8  
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Fig .  15 Exposure a t t e n u a t i o n  curve. 

Fig. 16 Cutaway diagram of low-exposure-rate total-body i r r a d i a t i o n  
f a c i l i t y  (LETBI) showing : 

A. Concrete shielded r a d i a t i o n  containment room. 

B. Cent ra l ly  posi t ioned r a d i a t i o n  exposure l i v i n g  room. 

C. The remote c o n t r o l  room f o r  ope ra t ion  of t h e  Co sources  60 

(only sources numbers 1, 2 ,  5, 6 ,  7 ,  C and F are shown), 
r a d i a t i o n  exposure level supervis ion,  nursing,  and 
physiologic s u r v e i l l a n c e  of t h e  p a t i e n t .  

D. The on-line computer and d a t a  processing room. 

Fig. 17 A simulated c losed -c i r cu i t  TV view of a p a t i e n t  i n  t h e  r a d i a t i o n  
exposure l i v i n g  room (Fig. 16 ,  room B) showing t h e  two c e n t r a l l y  
placed s t u d i o  couches and o the r  furnishings.  

Fig. 18 Drawing of t he  LETBI console. The.source c o n t r o l s  and r a d i a t i o n  
monitors are loca ted  t o  t h e  l e f t ,  t h e  TV monitor and intercom are 
i n  t h e  c e n t e r  panel,  and the  physiologic monitoring and recording 
s e c t i o n s  are loca ted  t o  t h e  r i g h t .  

Fig. 1 9  I n t e r f a c i n g  diagram showing t h e  types of analog and d i g i t a l  
s i g n a l s  flowing from t h e  LETBI console t o  t h e  IBM-1800 computer. 

Fig. 20 LETBI console u n i t  i n  operat ion.  Progress  of t h e  p a t i e n t ' s  
i r r a d i a t i o n  i s  being monitored by t h e  operator  and a t t end ing  nurse.  

Fig. 21 Block diagram f o r  t h e  physiologic  monitor i n  t h e  LETBI f a c i l i t y .  

Fig. 22 Cutaway s i d e  view showing t h e  arrangement of t h e  monitoring and 
computing equipment f o r  a r a d i a t i o n  treatment.  

Fig. 23 Electrode and ampl i f i e r  block diagram showing t h e  method of 
obtaining ca rd iac  and r e s p i r a t o r y  s i g n a l s  from t h e  same se t  of 
appl ied e l ec t rodes .  

Fig. 24 P o s i t i o n  of monitoring e l ec t rodes  on a p a t i e n t .  

Fig. 25 P a t i e n t  wearing t h e  interconnect ing webbed b e l t  and t h e  umbi l i ca l  

t h e  umbil ical  cord permits t h e  p a t i e n t  t o  use  l ava to ry  f a c i l i t i e s  
i n  an adjacent  room without having t o  disengage h i s  e l ec t rodes .  

. cord. The quick-disconnect assembly loca ted  about a foot down 

Fig. 26 Electric f i e l d  i n t e r f e r e n c e  schematic. 

Fig. 27 Magnetic f i e l d  i n t e r f e r e n c e  schematic. 

1029339 
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Fig. 28 Flux probe diagram f o r  60 Hz magnetic i n t e r f e r e n c e  measurements 
i n  the  LETBI f a c i l i t y .  

Fig. 29 Magnetic f i e l d  measurements being made i n  t h e  i r r a d i a t i o n  room 
wi th  t h e  resonant  f l u x  probe. 

Fig. 30 Magnetic f i e l d  i n t e n s i t y  measured t h r e e  f e e t  above t h e  room 
f l o o r .  

Fig. 31 Magnetic f i e l d  i n t e n s i t y  measured along t h e  i r r a d i a t i o n  room's 
east w a l l .  

Fig. 3 2  Magnetic f i e l d  i n t e n s i t y  measured i n  a v e r t i c a l  c r o s s  s e c t i o n  
d i r e c t l y  below a row of c e i l i n g  f luo rescen t  lamps. 

Fig. 33 Comparison of t h e  relative exposure l ines  p red ic t ed  t h e o r e t i c a l l y  
(upper h a l f )  f o r  t h e  ho r i zon ta l  midplane of t h e  volume t o  b e  
occupied by t h e  t reatment  room and t h e  corresponding measured 
(lower h a l f )  isodose l i n e s .  

Fig. 34 Var ia t ion  i n  t h e  exposure f i e l d  through t h e  hor izonta l '  midplane 
of t h e  completely furn ished  t rea tment  room. 

Fig. 35 Pulmonary impedance t r a c e s  from p a t i e n t  experiencing d i f f e r e n t  
sub jec t ive  degrees  of pain. 
t h e  low frequency cyc les  showed a s u b s t a n t i a l  i nc rease .  

As pain  inc reases  t h e  amplitude of 

Fig. 36 Diagram of sequen t i a l  power s p e c t r a  of pulmonary impedance s i g n a l s  
produced by a p a t i e n t  experiencing pa in  i n  he r  ches t  from unknown 
causes. The l a r g e  inc rease  i n  amplitude (power) i n  t h e  low-frequency 
r e s p i r a t o r y  cyc les  during severe  pain is  w e l l  demonstrated by t h e  
power spectrum. 
Blackman-Tukey procedure wi th  n = 960, A t  = 0.0416 minutes ,  T = 
4 minutes, and m = 120 (m = number of l a g  terms i n  autocovariance) .  

Each spectrum w a s  estimated wi th  t h e  u s e  of t h e  

Fig. 37 S t r i p  cha r t  t r a c i n g s  of pulmonary impedance recorded before ,  
during (mid-treatment), and a f t e r  t rea tment  wi th  30 R d a i l y  a t  
1.5 R/hr. 

Fig. 38 Graphic r ep resen ta t ion  of pulmonary impedance power s p e c t r a  obtained 
before ,  cur ing  (mid-treatment), and a f t e r  t reatment  wi th  30 R d a i l y  
f o r  8 days a t  1.5 R/hr f o r  a t o t a l  exposure of 250 R. 

Fig. 39 S t r i p  c h a r t  t r a c i n g s  of pulmonary impedance fol lowing 150 R i n  
f i v e  equal  d a i l y  f r a c t i o n s  a t  an exposure rate of 1.5 R/min. 

Fig. 40 Graphic c o r r e l a t i o n  of s e v e r i t y  of nausea with pulmonary impedance 
power s p e c t r a  before  and 15 minutes a f t e r  20-minute exposure t o  
30 R (1.5 R/min on f i v e  consecut ive days, t o t a l  exposure 150 R). 
On t h e  5 t h  day the  p a t i e n t  was administered o r a l  chlorpromazine 
(20 mg) therapy f o r  r a d i a t i o n  s ickness .  

1 0 2 9 3 4 0  
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Fig. 41 

Fig. 42 

Fig. 43 

Fig. 44 

Fig. 45 

Fig. 46 

Fig. 47 

Pulmonary impedance t r a c i n g s  f r -  p a t i e n t  exposed t o  150 R (30 R 
d a i l y )  a t  1.5 R/hr. Figures  i n  pa ren thes i s  i n d i c a t e  accumulated 
R a t  time of pulmonary monitoring. , 

Power s p e c t r a  of pulmonary impedance waveforms obtained a t  s p e c i f i c  
i n t e r v a l s  before ,  during, o r  immediate a f t e r  exposure t o  150 R 
(30 R/day) a t  1.5 R/hr. 
R a t  time of pulmonary monitoring. 

Figures  i n  pa ren thes i s  i n d i c a t e  accumulated 

Power s p e c t r a  of pulmonary impedance waveforms obtained over a 1 h r  
time period i n  a normal volunteer  following admin i s t r a t ion  of an 
emetic ( ipecac) .  

Time series graph of average and continuous pulmonary impedance 
power s p e c t r a l  va r i ances  obtained over a 60 minute per iod i n  a 
normal s u b j e c t  following i n g e s t i o n  of ipecac.  

E f fec t  of nausea and vomiting on pulmonary impedance i n  a female 
p a t i e n t  exposed t o  500 R (40 R/min) total-body gamma i r r a d i a t i o n  
p r i o r  t o  bone marrow t r ansp lan ta t ion .  

HETBI same as VDRIF (high exposure rate t o t a l  body i r r a d i a t o r ) .  

The e f f e c t  of nausea and vomiting on pulmonary impedance i n  a 
r a d i a t i o n  accident  v i c t im  exposed t o  260 rem t o t a l  body gamma 
i r r a d i a t i o n  a t  t h e  ra te  of 350 R/min. 

Changes I n  pulmonary impedance (power s p e c t r a l )  va r i ance  i n  a 
normal volunteer  monitored e l e c t r o n i c a l l y  before ,  during, and 
a f t e r  exercise on a b i c y c l e  ergometer. 

Fig. 48 Graphic r e p r e s e n t a t i o n  of normal man's response t o  c o n t r o l l e d  
exercise on a b i c y c l e  ergometer. 
i n  average pulmonary-impedance va r i ance  during exercise is  
i n d i c a t i v e  of adap ta t ion  t o  t h e  con t ro l l ed  ergometry. No 
s i g n i f i c a n t  changes are no tab le  i n  t h e  response be fo re  and after 
exercise .  

The progressive e a r l y  r educ t ion  

Fig. 49 Average changes i n  pulmonary impedance (power s p e c t r a l )  va r i ance  
during s tandard exercise per iods obtained be fo re ,  during, and 
a f t e r  t o t a l  body i r r a d i a t i o n  a t  1.5 R/hr i n  a p a t i e n t  t r e a t e d  
wi th  100 R f o r  chronic leukemia. (Exercise load w a s  60 watts, 9 
min durat ion.)  I n  one each s p e c i f i c  performance per iod t h e  f i r s t  
d a t a  po in t  r e p r e s e n t s  t h e  p reexe rc i se  pulmonary impedance, 
followed by t h e  exercise phase and subsequent recovery. 
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Fig. 50 

Fig. 51 

Fig. 52 

Fig. 53 

Fig. 54 

Average pulmonary impedance (power s p e c t r a l )  va r i ance  f o r  e x e r c i s e  
per iods obtained before ,  during,  and a f t e r  total-body i r r a d i a t i o n  
a t  1.5 R/hr i n  a p a t i e n t  t r e a t e d  w i t h  150 R f o r  i d i o p a t h i c  
thrombocythemia. 
On each s p e c i f i c  performance per iod t h e  f i r s t  d a t a  p o i n t  r e p r e s e n t s  
t h e  p reexe rc i se  pulmonary impedance followed by t h e  exercise phase 
and subsequent recovery. 

(Exercise load was 25 watts, 5 min durat ion.)  

Exercise-tolerance p r o f i l e s  from p a t i e n t s  r ece iv ing  p r o t r a c t e d  o r  
f r a c t i o n a t e d  i r r a d i a t i o n  therapy and who were subjected t o  c o n t r o l l e d  
e x e r c i s e  stress. Each p a t i e n t  performed t h e  same workload on 
successive trials. 
and demonstrate t h e  d i f f e r e n c e  i n  t h e  response of t h e  normal, 
un i r r ad ia t ed  and i r r a d i a t e d  man t o  e x e r c i s e  stress. Normal man 
r a p i d l y  adap t s  t o  stress whereas t h e  i r r a d i a t e d  man shows pe r iods  
of performance decrements dependent upon exposure. 

R e s u l t s  are normalized t o  p r e i r r a d i a t i o n  va lues  

Composite graph i l l u s t r a t i n g  t h e  e f f e c t s  of a s tepwise i n c r e a s e  in 
exe rc i se  workload i n  pulmonary-impedance var iance,  ca rd iac  rate,  
and a l v e o l a r  C02 concentrat ion.  T e s t  s u b j e c t  was normal male aged 
32 years.  
cyc le s  a t  5 0 - ,  lo&, 150-, and 200-watt workloads, r e s p e c t i v e l y ,  as 
ind ica t ed  by peaks i n  c a r d i a c  rate. 

Exercise  per iod cons i s t ed  of a l t e r n a t e  2-min work/rest  

Graphic r e p r e s e n t a t i o n  of e x e r c i s e  t o l e r a n c e  p r o f i l e  and t o l e r a n c e  
time i n  a normal man a c c i d e n t a l l y  exposed t o  260 rem gamma rad ia -  
t i on .  Due t o  thrombocytopenia no e x e r c i s e  stress was app l i ed  from 
days 23 through 38 although physiologic  monitoring w a s  continued. 

Pulmonary-impedance power-spectral a n a l y s i s  from nonexercis ing,  
i r r a d i a t e d  p a t i e n t s  before ,  during, and a f t e r  p r o t r a c t e d  t o t a l  
body exposures. Except f o r  p a t i e n t s  r ece iv ing  250 R (whose higher  
va r i ance  may be due t o  splenomegaly) those exposed t o  100 R o r  
150 R demonstrate l i t t l e  pulmonarytimpedance change i n  t h e  absence 
of con t ro l l ed  e x e r c i s e  stress. 

Each s u b j e c t  was monitored i n  a s i t t i n g  p o s i t i o n  f o r  15 min t o  
a s s u r e  b a s a l  physiologic  condi t ions and then f o r  per iods up t o  30 
a d d i t i o n a l  min. These d a t a  i n d i c a t e  t h a t  t h e  performance-decrement 
e f f e c t s  of t o t a l  body i r r a d i a t i o n  are no t  expressed u n t i l  t h e  
ind iv idua l  is  s t r e s s e d  (although only low levels of exercise are 
required) .  

Figs. 55, 56, 57 Changes i n  pulmonary impedance va r i ance  i n  Shetland ponies 
exposed t o  270 R (30 R/16 hr  day) whole body gamma i r r a d i a t i o n .  
Half of t h e  animals i n  each group were conditioned f o r  6 weeks p r i o r  
t o  i r r a d i a t i o n  i n s u l t ,  t h e  o t h e r s  were s t r e s s e d  f o r  only one week 
t o  e s t a b l i s h  b a s e l i n e  d a t a  p r i o r  t o  i r r a d i a t i o n .  
forced t o  s tand t o  s imulate  condi t ions during i r r a d i a t i o n  i n  non- 
c o n t r o l  groups. 

Controls were 
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Fig. 58 Graphic r e p r e s e n t a t i o n  of t h e  r e l a t i o n s h i p  between va r i ance  of 
pulmonary impedance and simultaneously measured a l v e o l a r  C02 
concentrat ion i n  a normal male vo lun tee r  s t r e s s e d  under c o n t r o l l e d  
e x e r c i s e  condi t ions.  
a Beckman LB-2 medical gas analyzer and averaged every 15 sec. 
These d a t a  can be  used t o  f u r t h e r  determine t h e  d i f f e r e n c e  i n  
exercise response between t h e  i r r a d i a t e d  and normal man. 

Data for C 0 2  recorded breath-by-breath on 

Fig. 59 Graphic c o r r e l a t i o n  between pulmonary impedance variance.  and oxygen 
consumption measured during submaximal exercise stress. 

Fig. 60 Effec t  of total-body i r r a d i a t i o n  on ca rd iac  rate and p red ic t ed  
m a x i m a l  O2 consumption during c o n t r o l l e d  exercise stress t e s t i n g .  

Graphic c o r r e l a t i o n  of hematocrit  and mean analyzer  channel number 
f o r  various-sized FU3C showing method of e s t a b l i s h i n g  the  s c a l i n g  
f a c t o r  f o r  converting channel number t o  cubic microns. 

Fig. 6 1  

Fig. 62 Graph showing progressive decrease i n  MCV of RBC of neonatal  mice, 
comparing t h e  hematocrit/RBC d a t a  wi th  those obtained e l e c t r o n i c a l l y .  

Fig. 63  Normal frequency d i s t r i b u t i o n  curve of RBC volumes compared wi th  
those of t h e  RBC of a p a t i e n t  n ine  days a f t e r  300 r t o t a l  body 
gamma i r r a d i a t i o n .  

Fig. 64 Normal frequency d i s t r i b u t i o n  curve of RBC volumes compared w i t h  
those of t h e  RBC of a p a t i e n t  with f o l i c  a c i d  blockade produced 
by Methotrexate. 

Graph showing t h e  rates of i nc rease  i n  e ry th rocy te  s i z e s  i n  bloo'd 
s to red  i n  ACD a t  40°F f o r  30 t o  7 5  days. The blood was obtained 
by phlebotomy during the  course of therapy of n ine  p a t i e n t s  with 
polycythemia. I n i t i a l l y  a l l  were microcytic.  The inc rease  i n  
s i z e  is  expressed by t h e  squared d i f f e r e n c e  index, a s t a t i s t i c a l  
measurement of t h e  degree of d i f f e r e n c e  between t h e  i n i t i a l  and each 
new measurement. 

Fig. 65 

Fig. 66 Histographic d i s t r i b u t i o n s  of t h e  serum t ryps in - inh ib i to r  levels 
found i n  30 determinat ions i n  normal persons, 56 i n  p a t i e n t s  with 
anemias bu t  without hematopoietic malignancies, 1 5  i n  p a t i e n t s  
with active o r  i n a c t i v e  t o x i c  g o i t e r ,  1 3  i n  5 p a t i e n t s  with a c t i v e  
thyroid carcinoma, 13 I n  10 p a t i e n t s  whose thyroid carcinoma i s  
a r r e s t e d ,  46 i n  4 p a t i e n t s  with a c t i v e  Hodgkin's d i sease ,  and 3 
with Hodgkin's d i sease  suppressed by therapy; and m u l t i p l e  
determinations i n  4 p a t i e n t s  with myelof ibrosis  and 5 p a t i e n t s  
with polycythemia vera. 
calendar months. See t e x t  f o r  f u r t h e r  explanation. 

All were measured i n  t h e  same 5 consecutive 
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. 

Fig. 67 Graph of the serum trypsin-inhibitor measurements in patients 
with thyroid disease (shown in Fig. 66) according to the calendar 
dates of their measurement. The dots connected by lines represent 
measurements in the same patient. 
standard deviations of the mean are shown at 3/25. 
designates the death of one patient. 

Serum trypsin-inhibitor levels in patient receiving periodic 
whole body irradiation therapy (10 R each treatment, 1..5 R/min). 

The mean normal value and two 
The cross 

Fig. 68 

Fig. 69 Serum trypsin-inhibitor levels in a patient who received 500 rads 
prior to bone marrow transplantation. 

Fig. 70 Serum CPK enzyme levels obtained from a radiation accident victim 
exposed to 260 rem TBI. 

Fig. 71 Serum creatine phosphokinase levels from four normal male volunteers 
performing in two or three controlled exercise periods per week 
over a one-month period. 
Fig. 48.) Values are normalized t o  the pretest sample value. 
Results are typical for expected SCPK levels for nontrained individuals 
stressed at submaximal levels for shorter periods. 

(Pulmonary-impedance response shown in 

Fig. 72 Serum creatine phosphokinase levels in four nonexercise-stressed 
patients exposed to 100 R protracted irradiation therapy and 
normalized to preexposure levels. 
was administered, these patients responded as stressed; the radio- 
biological mechanism is not understood at this time. 

Although no exercise stress 

Fig. 73 Serum creatine phosphokinase levels in four nonexercise-stressed 
patients exposed to 150 R protracted irradiation therapy and 
normalized to preexposure levels. The magnitude and timing of the 
response is similar to those seen when 100 R is administered (Fig. 
72). 

Fig. 74 Serum creatine phosphokinase levels in three nonexercise-stressed 
patients exposed to 100 R or 150 R fractionated irradiation therapy 
and normalized to preexposure levels. 
similar to those seen during protracted exposures. 

Individual responses are 

Fig. 75 Serum CPK enzyme levels obtained from a nonexercising patient who 
received both protracted (150 R, 30 R/20-hr day) and fractionated 
(15 daily 10 R fractions) TBI .  
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Fig. 76 CPK va lues  obtained from a p a t i e n t  exposed t o  250 R TBI. 

Fig. 77 CPK va lues  obtained from a p a t i e n t  exposed t o  500 rads  p r i o r  t o  
bone marrow t r a n s p l a n t .  

Fig. 78 

Fig. 7 9  Graphic r e p r e s e n t a t i o n  of t h e  r e l a t i o n s h i p  between SCPK levels 

CPK va lues  obtained from C3BF1 mice exposed to  450 R TBI. 

and DEC i n  a p a t i e n t  exposed t o  140 R t o t a l  body therap.eutic 
i r r a d i a t i o n  and con t ro l l ed  exercise stress. Values f o r  SCPK are 
normalized t o  p reexe rc i se  l e v e l s .  
t h a t  r i s i n g  c r e a t i n e  phosphokinase levels may reverse t h e  
physiological  process  r e spons ib l e  f o r  radiation-induced f a t i g u e .  
However, t h e  mechanism i s  no t  explained by t h i s  l i m i t e d  da ta .  

These i s o l a t e d  d a t a  i n d i c a t e  

Fig. 80 Smoothed averages of t h e  body weights of mice exposed discont inuously 
and continuously t o  t o t a l  body i r r a d i a t i o n  wi th  t h e  same d a i l y  doses. 
I n  every in s t ance  t h e  mice given t h e i r  d a i l y  exposure qu ick ly  
(3.7 R/min) l o s t  weight more r a p i d l y  than those exposed f o r  22 hr/day. 

Fig. 81 Smoothed averages of changes i n  s p l e n i c  weight of mice during dis-  
continuous (METBI) and continuous (LETBI) gamma i r r a d i a t i o n .  They 
are expressed as spleen/total-body-weight r a t i o s  t o  c o r r e c t  for t he  
f l u c t u a t i o n s  i n  total-body weight shown i n  Fig. 80. 

Fig. 8 2  Graphic i l l u s t r a t i o n  of sp l een  weight i n  mice c o r r e l a t e d  w i t h  
accumulated exposure and colony formation. 

Fig. 83 Cumulative percent  m o r t a l i t y  of splenectomized and i n t a c t  C57BL/6 
male mice i r r a d i a t e d  continuously (%23 hr/day) a t  0.8 R/hr, 1.6 
R/hr, o r  3.2 R/hr. 

Fig. 84 Percent m o r t a l i t y  as a func t ion  of accumulated dose f o r  f i v e  
s t r a i n s  of mice i r r a d i a t e d  continuously (23 + hr/day a t  1.6 R/hr).  

1 0 2 9 3 4 5 -  
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