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Lowest cardiac output occurred between 10-20 min postexposure 
while blood pressure and peripheral resistance were recovering. 
It was proposed that the concurrent combination of low cardiac 
output, low blood pressure and supranormal peripheral.Peeist- 
ance might sufficiently attenuate cerebral perfusion temporarily 
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during this time. Histamine release was postulated as responsi- 
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PREFACE 

- 

T h i s  work w a s  pe r fo rmed  as  a N u c l e a r  E f f e c t s  S u b t a s k  

e n t i t l e d  " N e u r o p h y s i o l o g i c a l  B a s i s  of P r i m a t e  Pe r fo rmance  

Decrement ,  'I funded  by t h e  Defense  N u c l e a r  Agency u n d e r  Con- 

t r a c t  N o .  DNA-001-74-C-0098. The p r e s e n t  r e p o r t  d e t e r m i n e d  

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

wholebody i r r a d i a t i o n  is a p r e c i p i t o u s  l o s s  o f  p e r i p h e r a l  

v a s c u l a r  r e s i s t a n c e .  The p ro found  h y p o t e n s i o n  which f o l l o w s  

. resembles a s h o c k - l i k e  s t a t e .  T h i s  s t u d y  a l s o  d e t e r m i n e d  

t h a t  c a r d i a c  o u t p u t  d e c l i n e s  below normal l e v e l s  d u r i n g  

t h i s  e a r l y  syndrome. The r e s u l t i n g  c a r d i o v a s c u l a r  balance 

is c r i t i c a l l y  marginal  fo r  t h e  ma in tenance  o f  a d e q u a t e  cere- 

b r a l  p e r f u s i o n  p r e s s u r e .  An i n s u f f i c i e n t  c e r e b r a l  b lood  

s u p p l y  is t h e  presumed b a s i s  f o r  t r a n s i e n t  pe r fo rmance  de- 

c remen t  a n d / o r  i n c a p a c i t a t i o n .  H i s t a m i n e  release was p o s t -  

u l a t e d  as r e s p o n s i b l e  f o r  t h i s  v a s c u l a r  shock  syndrome. 

T h i s  r e s e a r c h  w a s  c o n d u c t e d  a c c o r d i n g  t o  t h e  p r i n c i -  

p l e s  e n u n c i a t e d  i n  t h e  "Guide f o r  L a b o r a t o r y  A n i m a l  F a c i l i -  

t i e s  and  C a r e , "  prepared by t h e  N a t i o n a l  Academy of S c i e n c e s ,  

N a t i o n a l  Resea rch  C o u n c i l .  

The a u t h o r  acknowledges  t h e  c o n t r i b u t i o n s  t o  t h i s  

work o f  t h e  f o l l o w i n g  i n d i v i d u a l s :  E .  A .  Henderson ( s u r g e r y ) ,  

S. J e n n i n g s  and A .  Mills ( t e c h n i c a l  a s s i s t ance ) ,  G .  K. weiss 

a n d  D .  P r i o l a  ( c o n s u l t a t i o n ) .  

1 



.-e 

2 



TABLE OF CONTENTS 

. 

LIST OF FIGURES 

Figure 

1 Polygraph Tracings of Blood Pressure and 
Aortic Flow Velocity, the Latter Being 
Recorded with the Intravascular Velocity 
Flow Probe Shown at the Bottom ---------------- 8 

2 Estimated Aorta Diameter as a Funct'on 
of Mean Blood Pressure after Burton 
(lower curve)---------------------------------- 14 

i 5  

3 



Figure 

. 

3 Group Mean Percentage Heart Rate (HR), 
Total Peripheral Resistance (TPR), Flow .- - 
Velocity (FV) and Blood Pressure (BP) 
Relative to Preradiation Baseline During 

- 

18 and After Irradiation _________________-----__ 
4 Percentage Relative to Baseline for 

Cardiovascular Responses of Monkey 926 
During and Following Exposure ---------------- 19 

5 Percentage Cardiovascular Responses 
for Same Monkey ( 9 2 6 )  as Shown in 
Figure 4, Shown Here After Adjustment 
of FV for Vessel Diameter/BP Relation- 
ship ____--________________----_------------- 

6 Postradiation Cardiovascular Responses 
of Monkey 893 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

7 Postradiation Cardiovascular Responses 
of Monkey 878 _______________________---_---- 

8 Postradiation Cardiovascular Responses 
of Monkey 884 ____________________-----__---- 

9 Postradiation Cardiovascular Responses 
of Monkey 751 ____________________----_--__-_ 

10 Postradiation Cardiovascular Responses 
of Monkey 892 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

11 Postradiation Cardiovascular Responses 
of Monkey 872 _____________________-----__-_- 

12 Postradiation Cardiovascular Responses 
of Monkey 895 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

13 Postradiation Cardiovascular Responses 
of Monkey 904 ______________________-_--_--__ 

14 Postradiation Cardiovascular Responses 
of Monkey 885 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

15 Postradiation Cardiovascular Responses 

16 Postradiation Cardiovascular Responses 

of Monkey 889 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

of Monkey 880 _______--~__----__-------_----- 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

4 



INTRODUCTION .- c - 

Within a few minutes of exposure to high-dose, 

wholebody, ionizing radiation, monkeys generally exhibit a 

transient period of profound hypotension which is frequently 

followed by incapacitation and/or performance decrement. * 

Shortly thereafter performance accuracy may return to normal 

while mean arterial blood pressure gradually recovers to 80% 

or more of its preradiation level about 2 0  min postexposure. 

Tachycardia is also usually observed shortly after exposure 

as well as hyperventilation l P 3  and the appearance of slow 

waves in the EEG. 4 

Of main interest in such studies as the foregoing 

has been the search for reliable physiological predictor 

variables of the behavioral decrements seen. Significant as- 

sociations between hypotension and performance decrement 

have been obtained in only two studies. 2 , 5  

out in both, however, severe radiation-induced hypotensions 

are still regularly seen without any accompanying change in 

the behavioral measures. Obviously the association between 

blood pressure and behavior here is indirect. 

As was pointed 

Among the potentially important observations missing 

from the complex of physiological responses to radiation are 

5 
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w h e t h e r  card iac  o u t p u t  and p e r i p h e r a l  v a s c u l a r  r e s M a n c e  

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

p e r i o d  t o  s u p p o r t  a d e q u a t e  c e r e b r a l  p e r f u s i o n ,  s ince  a d e f i -  

c i e n c y  i n  t h e  l a t t e r  would be a l i k e l y  b a s i s  f o r  t h e  behav i -  

o r a l  i m p a i r m e n t s  s e e n .  To da t e ,  a t t e m p t s  t o  d e t e r m i n e  t h e  

9 adequacy  o f  cerebral  b l o o d  f l o w  116'718 and oxygen t e n s i o n  

a f t e r  i r r a d i a t i o n  have  y i e l d e d  i n c o n s i s t e n t  o r  a t  least  

u n e n l i g h t e n i n g  r e s u l t s .  And t h e  a t tempts  t o  examine f o r  

changes  i n  c a r d i a c  o u t p u t  were n o t  made soon enough follow- 

i n g  e x p o s u r e  t o  sample  from t h e  i n i t i a l  c r i t i c a l  p h a s e  be- 

f o r e  r e c o v e r y  had p a r t l y  t a k e n  place.  lo,ll 

t h e  p u r p o s e  of t h e  p r e s e n t  s t u d y  w a s  t o  a t t e m p t  t o  p r o v i d e  

o n - l i n e  estimates of cardiac o u t p u t  and p e r i p h e r a l  v a s c u l a r  

res is tance d u r i n g  and fo l lowing  e x p o s u r e  u s i n g  c o n s c i o u s ,  

nonpe r fo rming  monkeys. 

- 

C o n s e q u e n t l y ,  

METHOD 

S u b j e c t s  

The s u b j e c t s  were 12  male r h e s u s  monkeys (Macaca 

m u l a t t a )  we igh ing  between 2 and 3 k g ,  o b t a i n e d  from P r i m a t e  

I m p o r t s  C o r p . ,  N e w  York. They were t r e a t e d  a s  n e c e s s a r y  f o r  

e n t e r i c  d i s o r d e r s  and  t u b e r c u l i n  t e s t e d  d u r i n g  q u a r a n t i n e  

b e f o r e  e n t e r i n g  t h e  experiment. .  

6 
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A p p a r a t u s  
.- - - 

One week p r i o r  t o  i r r a d i a t i o n  e a c h  s u b j e c t  underwent  

s u r g i c a l  i m p l a n t a t i o n s  of a n  i n t r a v a s c u l a r  a o r t i c  f l o w  v e l o -  

c i t y  c a t h e t e r *  (shown i n  F i g .  1) and a f e m o r a l  ar tery poly-  

e t h y l e n e  c a t h e t e r .  S u r g e r y  was performed u n d e r  h a l o t h a n e  

general a n e s t h e s i a  f o l l o w i n g  p r e m e d i c a t i o n  w i t h  s e r n y l a n  

and  a t r o p i n e .  

The catheter f low p r o b e  was i n s e r t e d  t h r o u g h  a 

s c i s s o r - c u t  i n  t h e  r i g h t  common c a r o t i d  a r t e r y  a b o u t  7 c m  

c e p h a l a d  t o  t h e  h e a r t ,  and w a s  pushed  toward  t h e  h e a r t  u n t i l  

i t  e x t e n d e d  i n t o  t h e  a s c e n d i n g  a o r t a .  Blood f l o w  v e l o c i t y  

w a s  monitored v i a  an o s c i l l o s c o p e  d i s p l a y  of t h e  p u l s a t i l e  

o u t p u t  o f  a C a r o l i n a  Model 501 Flowmeter .  Zero flow ( f l a t  

t r a c e )  was d i s p l a y e d  d u r i n g  t h e  p r o b e ' s  t r a v e r s e  t h r o u g h  t h e  

c a r o t i d ,  a s  the  c a r o t i d  w a s  c o m p l e t e l y  o c c l u d e d  b y  t h e  

c a t h e t e r  p r o b e .  On e n t e r i n g  t h e  a o r t i c  a r c h ,  t h e  p u l s a t i l e  

f l ow waveform a p p e a r e d  ( F i g .  1) and grew i n  a m p l i t u d e  as 

f u r t h e r  passage p l a c e d  t h e  p r o b e ' s  e l e c t r o d e s  f u l l y  w i t h i n  

t h e  a o r t i c  root .  F u r t h e r  i n s e r t i o n  produced  e i t h e r  e n t r y  

i n t o  t h e  d e s c e n d i n g  a o r t a ,  shown by i n v e r s i o n  of t h e  

* Model EP1006, Size 6 F rench  ( 2  mm d i a m e t e r ) ,  Carol ina Medi- 

ca l  E l e c t r o n i c s ,  P .  0. Box 307, King,  NC 27021. 

7 
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Blood Pressure - Abdominal Aorta 

Blood Flow Velocity - Ascending Aorta 

I 
1 
1 em 1 

Figure 1. Polygraph Tracings of Blood Pressure and Aortic Flow 
Velocity, the Latter Being Recorded with the Intra- 
vascular Velocity Flow Probe Shown at the Ebttcm. 
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d i s p l a y e d  waveform, or by p r o t r u s i o n  t h r o u g h  t h e  a o r t i c  

v a l v e s  i n t o  t h e  h e a r t  which was e v i d e n c e d  by waveform d i s -  

t o r t i o n s  as  w e l l  as  by res i s tance  t o  i n s e r t i o n  f e l t  by t h e  

s u r g e o n .  

.d - - 
0 

A t  t h e  d e s i r e d  i n s e r t i o n  p o i n t ,  where  t h e  largest  

a m p l i t u d e ,  u n d i s t o r t e d  waveform was d i s p l a y e d ,  t h e  c a t h e t e r  

was s e c u r e d  by t i e s  a round  t h e  c a r o t i d  j u s t  below t h e  poin t  

of t h e  c a t h e t e r ' s  e n t r y .  The d i s t a l  c a r o t i d  p o r t i o n  was 

t i e d  o f f .  O v e r l y i n g  c o n n e c t i v e  t i s s u e  and  s k i n  were s u t u r e d  

c l o s e d  o v e r  t h e  e x i t i n g  c a t h e t e r ,  which was f u r t h e r  s e c u r e d  

o u t s i d e  t o  neck  s k i n  and  t o  two p o i n t s  o n  t h e  s k i n  of t h e  

r i g h t  s i d e  of t h e  head .  As t h e  a n i m a l ' s  head movement would 

be l i m i t e d  by a r e s t r a i n i n g  c h a i r ,  t h e  s l a c k  a l l o w e d  i n  t h e  

catheter  between i t s  e x i t  t i edown a t  t h e  n e c k  and t h e  a n c h o r  

p o i n t s  on t h e  head  i n s u r e d  t h a t  t h e  p r o b e  t i p  would not  

l i k e l y  be d i s p l a c e d  from its i n i t i a l  location w i t h i n  t h e  

a o r t i c  root.  A c t u a l  l oca t ion  o f  t h e  probe was d e t e r m i n e d  

by d i s s e c t i o n  a t  s ac r i f i ce  a f te r  t h e  r a d i a t i o n  e x p e r i m e n t ,  

u s u a l l y  w i t h i n  o n e  day a f te r  e x p o s u r e .  

The p o l y e t h y l e n e  catheter  was i n s e r t e d  i n t o  t h e  l e f t  

femoral a r t e r y  up t o  t h e  l e v e l  o f  t h e  d iaphragm fo r  t h e  re- 

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

i n a l  a o r t a .  The f emora l  c a t h e t e r  t e r m i n a t e d  o u t s i d e  i n  t h e  

9 
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th ree-way Leur - lock  f i t t i n g  secured t o  t h e  c h a i r  n e a r  t h e  

e x i t  o f  t h e  c a t h e t e r  a t  mid - th igh  l e v e l .  The c a t h e t e r  was 

m a i n t a i n e d  p a t e n t  o u t s i d e  t h e  r e c o r d i n g  p e r i o d s  by p u l s e d  

i n f u s i o n  of h e p a r i n i z e d  s a l i n e  ( 5  U/cc/ l5  m i n ) .  Horizontal  

s t o c k s  a t  t h e  neck  and w a i s t  l e v e l s  of t h e  r e s t r a i n i n g  c h a i r  

a s  w e l l  as a s n u g - f i t t i n g  n y l o n  mesh v e s t  p r e v e n t e d  t h e  monk- 

e y  from r e a c h i n g  t h e  c a t h e t e r s .  The c h a i r  and  h e a d - r e s t r a i n t  

d e v i c e  employed are p i c t u r e d  i n  B r u n e r  e t  a l .  l2 For  b l o o d  

p r e s s u r e  r e c o r d i n g ,  a p r e s s u r e  t r a n s d u c e r * *  was a t t a c h e d  t o  

t h e  Leur - lock  f i t t i n g .  A l l  r e c o r d i n g s  were w r i t t e n  out o n  a 

Grass Moiel 78 polygraph . '  

.L - 
* 

Flow V e l o c i t v  (FV) Measurement.  C a r d i a c  o u t p u t  

c h a n g e s  were i n f e r r e d  from t h e  c h a n g e s  i n  b l o o d  f l o w  v e l o c i t y  

r e c o r d e d  w i t h i n  t h e  a s c e n d i n g  ao r t a .  I n i t i a l l y  t h e  v e l o c i t y  

f l o w  p r o b e  was p reca l ib ra t ed  unde r  c o n t r o l l e d  f low c o n d i t i o n s  

u s i n g  s a l i n e  w i t h  t u b e s  o f  known i n s i d e  diameters i n  order t o  

d e t e r m i n e  t h e  p r o b e  g a i n  f a c t o r  t o  be u s e d  f o r  t h e  e x p e r i -  

m e n t a l  r e c o r d i n g s .  With t h e  v e l o c i t y  p r o b e  c a l i b r a t e d  prop-  

e r l y .  t h e  Caro l ina  501 Flowmeter  g i v e s  a d i r e c t  d i a l  r e a d o u t  

* Model 1302 Lambda Pump, Harva rd  A p p a r a t u s  C o . ,  150 Dover 

R d . ,  M i l l i s ,  MA 12054. 

*+  Model PSL 125-6.  K u l i t e  Semiconductor  P r o d u c t s ,  1039 Hoyt 

Ave . ,  R i d g e f i e l d ,  N J  07657. 

' Grass I n s t r u m e n t s ,  Quincy ,  Mass. 02169. 

10 



. 

in mean cmfsec. The present mean readings ob?&-d during 

implantation in the anesthesized, supine monkeys ranged be- 

tween 8 and 12 cmfsec. These values increased slightly in 

the conscious, sitting state. 

- 

Postmortem measurements of several aortas indi- 

cated that the typical internal diameter at the level of the 

probe’s electrodes was approximately 8 mm. However, under 

the tension of normal blood pressure, the average internal 

diameter would be expected to increase as much as 3-4 mm. 

A velocity of 9 . 0  cmJsec recorded with the present flow 

probe within a 12-mm mean diameter aorta yields a mean flow 

of approximately 594 ml/min.*# 

value would be in agreement with the mean cardiac output of 

273 ml/kg/min observed in conscious, sitting monkeys by 

Forsyth. 

1 5  

For a 2.2-kg monkey this 

14 

*$ Mean Flow (ml/min) = 60 x velocity (cmfsec) 
x effective x-sectional 
area of aorta in cm2 

where x-sectional area = 71d2+4, and effective 
area amounts to the x-sectional area of the 
aorta minus that of the pribe (probe diam. = 
2 mm). 

11 
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Figure 1 

flow velocity (FV) 

grated "mean" flow 

shows typical tracings of the aortic 

and blood-pressure waveforms. An inte- 

output from the flowmeter was also re- 

.- t - 

corded but is not shown. The pulsatile FV waveform, re- 

flecting instantaneous flow velocity throughout the cardiac 

cycle was utilized for scoring purposes rather than the mean 

flow, because of the lack of dependence by the former on a 

baseline zero reference in the aorta, where approximately 

zero flow is assumed between systoles. Instabilities in 

the mean flow output's baseline zero reference rendered 

those values very unreliable, a not uncommon happening with 

electromagnetic flow recordings. To the extent that the 

integrated mean flow recordings could be corrected in retro- 

spect for baseline drift on a minute-to-minute basis they 

showed the same changes postirradiation as did the pulsatile 

flow measure. Pulsatile flow was quantified simply by 

measuring the distance in millimeters between the minimum 

(=zero) and maximum flow velocities recorded during a cardiac 

cycle. Retrograde flow, when evident in the recordings, was 

not excluded from the measurements for convenience, after we 

determined that the retrograde deflections were n o t  differ- 

entially affected by irradiation and therefore their inclus- 

ion would not influence the flow data's interpretation. More 

12 
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p r e c i s e  a n a l y s i s  was n o t  c o n s i d e r e d  n e c e s s a r y  as  o n l y  re la -  

t i v e  c h a n g e s  ( p e r c e n t a g e  increase or d e c r e a s e )  were e v a l u a t e d .  

The a v e r a g e  p u l s a t i l e  FV d e f l e c t i o n s  r e c o r d e d  over t h e  5 

m i n u t e s  j u s t  p r e c e d i n g  i r r a d i a t i o n  s e r v e d  as  t h e  p r e e x p o s u r e  

s t a n d a r d  w i t h  which t h e  c o r r e s p o n d i n g  p o s t i r r a d i a t i o n  f l o w  

measurements  were compared i n  terms o f  p e r c e n t a g e  change  

o v e r  t i m e  f o l l o w i n g  t h e  s t a r t  o f  t h e  e x p o s u r e .  

.- c - 

However, s i n c e  r e c o r d e d  FV i s  a f u n c t i o n  of v e s s e l  

x -sec t iona l  area and as  v e s s e l  lumen d e c r e a s e s  when blood 

p r e s s u r e  d o e s , 1 3  i t  w a s  j u d g e d  n e c e s s a r y  t o  a t t e m p t  t o  c o r -  

r e c t  measured  FV for  v a r y i n g  vessel  d i a m e t e r .  To a c h i e v e  

t h e  c o r r e c t i o n ,  estimates of  a o r t a  d i a m e t e r  were made a s  a 

f u n c t i o n  of b l o o d  p r e s s u r e  b a s e d  on t h e  vo lume-p res su re  

c u r v e s  of  Green f o r  human aor ta  and  t h e  L a p l a c i a n  t e n s i o n -  

l e n g t h  d i ag ram d e r i v e d  the re f rom by B u r t o n .  l5 Bur ton  ' s  

d a t a  p o i n t s  were f i t t e d  w i t h  t h e  l o g a r i t h m i c  c u r v e  shown 

as t h e  lower c u r v e  i n  f i g u r e  2 .  Normal mean b l o o d  p r e s s u r e  

w a s  d e f i n e d  a s  100 nun Hg f o r  p u r p o s e s  of t h e  c a l c u l a t i o n s ,  

a t  which t e n s i o n  l e v e l  t h e  a o r t a  diameter was e s t i m a t e d  t o  

be 11 .5  mm. 

Given e s t i m a t e d  a o r t i c  d i a m e t e r  a s  a f u n c t i o n  of  

b l o o d  p r e s s u r e ,  t h e  e x p e c t e d  FV ( f o r  a n y  c o n s t a n t  c a r d i a c  

o u t p u t )  w a s  t h e n  c a l c u l a t e d  f o r  t h e  p r e s e n t  p r o b e  u s i n g  

13 
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f o r m u l a  (1). P r e d i c t e d  FV as a f u n c t i o n  of vesAe1 d i a m e t e r  

a s  a f u n c t i o n  of b lood  p r e s s u r e  was t h e n  d e r i v e d  and f i t t e d  

w i t h  t h e  power cu rve  shown as t h e  u p p e r  c u r v e  i n  f i g u r e  2 ,  

i n  terms o f  p e r c e n t a g e  change  r e l a t i v e  t o  100 mm H g .  T h i s  

curve  reveals, f o r  example ,  t h a t a d r o p  i n  pressure t o  50 mm 

H g  (50%) s h o u l d  e l i c i t  a d e c r e a s e  i n  vessel  lumen t o  9 .62  

mm, wh ich ,  i n  t h e  a b s e n c e  o f  any change  i n  cardiac o u t p u t ,  

would increase FV about 52% a s  r e c o r d e d .  Consequen t ly  a 

c o r r e c t i o n  b a s e d  on t h e  f u n c t i o n a l  r e l a t i o n s  shown i n  f i g u r e  

2*  was a p p l i e d  t o  a l l  t h e  FV d a t a  t o  b e  r e p o r t e d  h e r e ,  where- 

by t h i s  a r t i f a c t u a l  increase was subtracted o u t  so as  t o  

l e a v e  e s t i m a t e s  o f  c a r d i a c  o u t p u t  f r e e  o f  t h e  presumed 

lumen-s ize  e f f e c t .  O t h e r w i s e  FV, a s  measured  d i r e c t l y ,  

would be  o b s e r v e d  t o  increase a s  p r e s s u r e  d e c r e a s e d  even  

w i t h  no real change  i n  f l o w  o u t p u t .  The c o r r e c t i o n  a p p l i e d  

w a s  c o n s i d e r e d  a c o n s e r v a t i v e  h a n d l i n g  o f  t h e  FV measure.cAext 

problem-- the  correction t e n d s  t o  u n d e r e s t i m a t e  c a r d i a c  ou t -  

p u t  changes - - s ince  some i n v e s t i g a t o r s  have  n o t  found t h e  

d e g r e e  of lumen r e d u c t i o n  w i t h  b l o o d  p r e s s u r e 1 3  a s  w a s  

- 

* FVcorr  = FVmeas - 1385 .4533  x BP-o.5654 i n  p e r c e n t a g e  

change :  e . g . ,  f o r  FV,,,, = +204"0, and BP = 80 mm Hg, 

F V c o r r  = 20 - 1 6 . 3  = 3.7% 
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i n c o r p o r a t e d  i n t o  t h e  p r e s e n t  c o r r e c t i o n .  ( A  comparison of 

FV v a l u e s  measured  w i t h  and w i t h o u t  t h e  c o r r e c t i o n  w i l l  be 

p r e s e n t e d  i n  t h e  R e s u l t s  s e c t i o n . )  

- 

Blood P r e s s u r e  ( B P ) .  Mean a r t e r i a l  b l o o d  p r e s s u r e  

(BP) w a s  c a l c u l a t e d  by t a k i n g  o n e - t h i r d  o f  t h e  p u l s e  pres- 

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

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

tance below t h e  a o r t i c  a r c h .  

To ta l  P e r i p h e r a l  Resis tance (TPR) .  T o t a l  f l o w  re- 

s i s tance  (or p e r i p h e r a l  r e s i s t a n c e )  was d e t e r m i n e d  as  a pe r -  

c e n t a g e  o f  t h e  p r e i r r a d i a t i o n  v a l u e  by t h e  f o l l o w i n g  f o r m u l a  

a f t e r  FV c o r r e c t i o n :  

Flow r e s i s t a n c e  pos t  - - BP p o s t  FV d e f l e c t i o n  p r e  ( 2 )  
TPR = Flow r e s i s t a n c e  p r e  BP pre FV d e f l e c t i o n  p o s t  

P r o c e d u r e  

The monkeys were i r r a d i a t e d  i n d i v i d u a l l y ,  do r so -  

v e n t r a l l y  w h i l e  s e a t e d  i n  a wood and p l a s t i c  r e s t r a i n i n g  

c h a i r .  E leven  a n i m a l s  r e c e i v e d  1000 r a d  6oCo and one  

r e c e i v e d  876 r a d .  D o s e  r a t e s  v a r i e d  o v e r  i n d i v i d u a l s  f rom 

129 t o  164 r a d / m i n  and are  g i v e n  i n  t h e  R e s u l t s  s e c t i o n .  

The e x p o s u r e  was a d m i n i s t e r e d  i n  t h e  morning  a p p r o x i m a t e l y  

1 6  h r  a f t e r  t h e  l a s t  f e e d i n g .  Dos ime t ry  w a s  d e t e r m i n e d  

u s i n g  h i g h - s e n s i t i v i t y  L i t h i u m  F l o u r i d e  Thermoluminescent  

16 



dosimeters w i t h  l i v e  and c a d a v e r  monkeys and  c a r d b o a r d  

phantoms.  F u r t h e r  d e t a i l s  o f  t h e  exposure an.d7Risimetry 

may b e  found i n  B r u n e r  e t  a l .  12 

C o n t i n u o u s  remote p o l y g r a p h  recordings o f  t h e  

c a r d i o v a s c u l a r  r e s p o n s e s  were i n s t i t u t e d  a p p r o x i m a t e l y  30 

rnin p r i o r  t o  b e g i n n i n g  t h e  e x p o s u r e ,  and c o n t i n u e d  w i t h o u t  

i n t e r r u p t i o n  n o r m a l l y  t o  30 m i n  o r  more p o s t e x p o s u r e .  Ex- 

p o s u r e  d u r a t i o n  r a n g e d  from 6 . 1  t o  7.75 min depend ing  upon 

t h e  d o s e  r a t e  u s e d  a s  w i l l  be i n d i c a t e d  for e a c h  s u b j e c t  

i n  t h e  R e s u l t s  s e c t i o n .  All p r e s e n t  r e f e r e n c e s  to p o s t -  

e x p o s u r e  c h a n g e s  are  w i t h  respect t o  time from t h e  expo- 

s u r e ' s  s tar t  and  t h u s  t h e  changes  t o  b e  d e s c r i b e d  may  have  

o c c u r r e d  w h i l e  t h e  exposure was s t i l l  i n  progress.  

RESULTS 

F i g u r e  3 p r e s e n t s  t h e  g roup  mean p e r c e n t a g e  changes  

i n  t h e  f o u r  c a r d i o v a s c u l a r  r e s p o n s e  measu res  f o r  .!ie i n i t i a l  

30 min a f t e r  t h e  s t a r t  o f  i r r a d i a t i o n .  The e x p o s u r e  was de-  

l i v e r e d  o v e r  t h e  f i r s t  6-8 m i n  shown i n  f i g u r e  3 ,  i ts  d u r a t i o n  

depend ing  o n  dose ra te  a s  s p e c i f i e d  on t h e  i n d i v i d u a l  r e s p o n s e  

f i g u r e s  t o  f o l l o w .  F i g u r e s  4-16 p r e s e n t  e a c h  s u b j e c t ' s  re- 

s p o n s e  c h a n g e s  f o r  as l o n g  a s  m o n i t o r e d  up t o  60 m i n  f o l l o w -  

i n g  t h e  e x p o s u r e ' s  s t a r t .  The cu rves  are  e x p r e s s e d  i n  terms 

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

17 
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b e i n g  t h e  mean v a l u e s  o b s e r v e d  d u r i n g  t h e  5 min j u s t  p r e -  

c e d i n g  e x p o s u r e .  The s u b s t a n t i a l  i n d i v i d u a l  v a r i a b i l i t y  so 

o f t e n  s e e n  i n  r e s p o n s e  t o  i r r a d i a t i o n  is e v i d e n t  i n  t h e s e  

f i g u r e s .  F i g u r e s  4 and 5 c o n t r a s t  t h e  e f f e c t s  o f  t h e  FV 

c o r r e c t i o n .  Wi thout  c o r r e c t i o n  ( f i g .  4 )  t h e  FV c h a n g e s  

a p p e a r  somewhat h i g h e r  and t h e  TPR c h a n g e s  lower t h a n  w i t h  

t h e  c o r r e c t i o n  ( f i g .  5 ) .  T h e  r e m a i n i n g  f i g u r e s  d i s p l a y  

o n l y  t h e  a d j u s t e d  F V  v a l u e s ,  and a l l  f u r t h e r  r e f e r e n c e s  t o  

FV or i t s  e q u i v a l e n t ,  c a r d i a c  o u t p u t ,  w i l l  be b a s e d  on t h e  

c o r r e c t e d  FV v a l u e s .  

.- c - 

The t r e n d s  shown by t h e  HR and BP r e s p o n s e s  t o  

i r r a d i a t i o n  a re  c o n s i s t e n t  with o u r  p r e v i o u s   finding^.^ 3 

For  most o f  t h e  a n i m a l s  BP g e n e r a l l y  began f a l l i n g  3-4 m i n  

a f t e r  t h e  e x p o s u r e ' s  s t a r t .  In  some c a s e s  BP d ropped  pre- 

c i p i t o u s l y  w i t h i n  a 4 o r  5 m i n  s p a n  t o  i t s  lowest o b s e r v e d  

l e v e l ,  w h i l e  i n  o t h e r  cases ,  t h e  f a l l  e n d u r e d  o v e r  1 2  o r  

more m i n u t e s .  Over a l l  s u b j e c t s  t h e  d e e p e s t  p o i n t  o f  hypo- 

t e n s i o n  r a n g e d  f rom 44% t o  92% o f  b a s e l i n e  v a l u e ,  w i t h  a 

mean of 79%, and o c c u r r e d  i n  most c a s e s  between 4 and 12  

m i n  (mean  = 8 min)  a f t e r  t h e  e x p o s u r e ' s  s t a r t .  Recovery o f  

BP t o  s l i g h t l y  below p r e e x p o s u r e  l e v e l s  o c c u r r e d  f o r  t h e  

g roup  by t h e  20-min o b s e r v a t i o n .  

Heart r a t e  (HR) g e n e r a l l y  showed a n  i n c r e a s e  of  

207 o r  more d u r i n g  t h e  i n i t i a l  -10 m i n  a f t e r  t h e  s t a r t  o f  
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e x p o s u r e ,  f o l l o w i n g  w h i c h  i t  t e n d e d  t o  d r o p  o . \ eL the  next  

20 m i n  t o  a s l i g h t l y  h i g h e r  r a t e  t h a n  o b s e r v e d  p r i o r  t o  

e x p o s u r e .  A f e w  of t h e  a n i m a l s .  f o r  example n o s .  893 and  

751 ( f i g .  6 and 9), showed an e a r l y  d r o p  i n  HR b e f o r e  t h e  

increase o c c u r r e d .  They a l s o  showed a r e l a t i v e l y  deep  

h y p o t e n s i o n .  I n  t h e s e  and o t h e r  cases w e  have  p r e v i o u s l y  

o b s e r v e d  where t h e  HR s lowed i n i t i a l l y  b e f o r e  acce le ra t ing  

t h e  s l o w i n g  w a s  u s u a l l y  accompanied b y  a number of a r r h y t h -  

mias. A s  t h e  i n d i v i d u a l  f i g u r e s  show, t h e  BP and HR c u r v e s  

appear r ec ip roca l ly  r e l a t e d  f o r  most o f  t h e  s u b j e c t s ,  sug -  

g e s t i n g  t h a t  t h e  normal  compensa tory  p r e s s o r e f l e x  a d j u s t -  

men t s  were o p e r a t i v e .  

- 

16 

T o t a l  p e r i p h e r a l  resistance (TPR) showed a s h a r p  

d r o p  j u s t  ahead  o f  t h e  BP d r o p  and f e l l  t o  a low r e s i s t a n c e  

p o i n t  a t  6 m i n  p o s t  f o r  t h e  g r o u p .  TPR t h e n  began r i s i n g  

s t e a d i l y  up t o  20 m i n  p o s t  s l i g h t l y  o v e r s h o o t i n g  i t s  p r e -  

r a d i a t i o n  l e v e l  a t  13 m i n  p o s t .  

FV showed an e a r l y i n c r e a s e  f o r  most of t h e  a n i m a l s  

w h i l e  HR w a s  a c c e l e r a t i n g  a n d  BP and  TPR were f a l l i n g .  FV 

peaked  a t  6 m i n  post  a t  108.75% f o r  t h e  g roup  j u s t  o p p o s i t e  

t h e  lowest TPR p o i n t .  Then a s  res i s tance  r e t u r n e d  g r a d u a l l y  

over t h e  n e x t  s e v e r a l  m i n u t e s ,  a v e r a g e  FV d ropped  t o  below- 

normal o u t p u t  l e v e l s ,  b e i n g  most n o t l c e a b l y  subnormal  

3 3  



between 1 0  and 20 min p o s t e x p o s u r e ,  b e f o r e  r e g a i n i n g  o v e r  

95% of i t s  p r e e x p o s u r e  o u t p u t  a f t e r  30 min.  The l o w e s t  

a v e r a g e  l e v e l  of FV o u t p u t  o c c u r r e d  between 15 and 20 min 

p o s t  by which t i m e  BP had a l r e a d y  r e c o v e r e d  t o  8755 and w a s  

still  c l i m b i n g .  Most o f  t h e  a n i m a l s '  c a r d i o v a s c u l a r  responses 

had r e t u r n e d  t o  80% o r  more of t h e i r  p r e r a d i a t i o n  v a l u e s  by 

t h e  30-min o b s e r v a t i o n .  

.- L - 

. DISCUSS ION 

C a r d i o v a s c u l a r  Changes 

The i n i t i a l  r a d i a t i o n  e f f e c t  measured  i n  t h e  p r e -  

s e n t  s t u d y  is c o n s i d e r e d  t o  b e  t h e  p r e c i p i t o u s  l o s s  of TPR. 

The r a p i d  d r o p  i n  s y s t e m i c  BP consequen t  upon t h i s  p e r v a s i v e  

v a s c u l a r  shock  presumably  h e i g h t e n e d  s y m p a t h e t i c  d r i v e  t o  

t h e  h e a r t  v i a  t h e  p r e s s o r e c e p t o r  r e f l e x e s ,  r e s u l t i n g  i n  

t a c h y c a r d i a ,  a n d  p o s s i b l y  enhanced  v e n t r i c u l a r  c o n t r a c t i l i t y .  

The i n t e r p l a y  of t hese  s u p p o r t i v e  card iac  r e s p o n s e s  prob-  

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

w h i l e  TPR and BP were f a l l i n g .  Without  s u c h , c a r d i a c  balance 

t h e  h y p o t e n s i o n  might  have been even more s e v e r e ,  p e r h a p s  

t o  t h e  p o i n t  of c a r d i o v a s c u l a r  c o l l a p s e .  The i n d i v i d u a l  

monkeys whose c a r d i o a c c e l e r a t i o n s  were d e l a y e d  d i d  i n  f a c t  

appear t o  e x p e r i e n c e  deeper h y p o t e n s i o n s .  However, w e  

34 



c a n n o t  assess t h e  r o l e  of c o n t r a c t i l i t y  i n  t h e s e  a n d  t h e  

o t h e r  cases a s  i t  w a s  n o t  measured .  

.- - - 

The ma in tenance  o f  a h i g h  CO was t e m p o r a r y ,  how- 

e v e r .  A s u b s e q u e n t  d e c l i n e  i n  CO d e v e l o p e d  a f t e r  6 min p o s t  

which seemed t o  m i r r o r  t h e  rebound o f  TPR, a s  i f  f l ow volume 

w a s  a p a s s i v e  f u n c t i o n  o f  v e s s e l  ca l iber .  C o n t r i b u t i n g  t o  

t h e  d i m i n u t i o n  of CO would have  been  a r e d u c t i o n  o f  p r e s s o -  

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

s l o w l y  i n c r e a s i n g  BP. T h i s  is s u g g e s t e d  by t h e  g r a d u a l  slow- 

i n g  of HR commensurate  w i t h  t h e  r e c o v e r y  of BP o v e r  m i n u t e s  

8 t o  2 5 .  Again h e r e  i t  is l i k e l y  t h a t  c o n t r a c t i l i t y  ( a  de-  

c r e a s e )  a l s o  p a r t i c i p a t e d  i n  t h e  c o m p o s i t e  o f  r e s p o n s e s  re- 

s u l t i n g  i n  t h e  CO d e c l i n e .  

The f a l l  i n  CO c o u l d  a l s o  have  been a s s o c i a t e d  

w i t h  a r e d u c t i o n  i n  venous  t one  and  c o n s e q u e n t  p o o l i n g ,  re- 

s u l t i n g  i n  a d e c r e a s e d  r e t u r n  t o  t h e  h e a r t  and  i n a d e q u a t e  

f i l l i n g .  The measurements  p e r t i n e n t  t o  t h e s e  p o s s i b i l i t i e s  

were n o t  made and t h e r e f o r e  w e  can o n l y  s p e c u l a t e  on t h e i r  

n a t u r e .  C o n s i s t e n t  w i t h  t h e  n o t i o n  o f  venous  d i l a t a t i o n  is 

t h e  work o f  T u r b y f i l l  e t  a l .  ,*  who o b s e r v e d  cent ra l  venous  

p r e s s u r e  t o  show a s l i g h t  increase f o l l o w e d  by a d e c r e a s e  

a f t e r  a 4000 r a d  gamma-neutron p u l s e  o v e r  t h e  same t i m e  

c o u r s e  a s  o b s e r v e d  here f o r  t h e  b iphas i c  CO response. 
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However ,  t h e i r  venous  p r e s s u r e  c h a n g e s  were n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f rom p r e i r r a d i a t i o n  l e v e l s .  But t h e  i n t e r p r e t a t i o n  

of even s i g n i f i c a n t  venous  p r e s s u r e  c h a n g e s  would b e  compl i -  

c a t e d  w i t h o u t  knowing w h e t h e r  venous  c a p a c i t a n c e  ( A  v o l .  f 

A p r e s s u r e )  and volume a l s o  changed ,  a s  t h e s e  t h r e e  v a r i a b l e s  

are  i n t e r d e p e n d e n t .  Obv ious ly  venous  r e t u r n  t o  t h e  h e a r t  

w a s  a d e q u a t e  d u r i n g  t h e  i n i t i a l  r ise i n  CO w e  o b s e r v e d .  B u t  

i n  t h e  a b s e n c e  o f  more c o m p l e t e  measurements  t h e  ro le  o f  

venous  r e t u r n  f o r  t h e  CO d e c l i n e  is unc lea r .  

.- t 

An a d d i t i o n a l  f a c t o r  which may have  been i m p l i -  

c a t e d  i n  t h e  CO d e c l i n e  comes f rom o u r  p r e v i o u s  o b s e r v a t i o n  

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

t o  t h e  h e a r t  becomes r e l a t i v e l y  u n r e s p o n s i v e  t o  BP c h a n g e s  

f o r  a b r i e f  t i m e  d u r i n g  t h e  immedia te  p o s t i r r a d i a t i o n  m i n u t e s .  

T h e r e f o r e  a r e d u c e d  d e g r e e  o f  s y m p a t h e t i c  s u p p o r t  o f  CO by t h e  

h e a r t  would b e  e x p e c t e d  f rom t h e  low BP s e n s e d  by t h e  baro- 

r e c e p t o r s  d u r i n g  t h e i r  t r a n s i e n t  p e r i o d  o f  d e p r e s s i o n ,  which 

c o i n c i d e s  w i t h  t h e  p e r i o d  i n  t h e  p r e s e n t  s t u d y  w h e n  TPR was 

below abou t  90% ( m i n u t e s  4-9 i n  f i g .  3 ) .  

16 

I n  t h e  b a r o r e f l e x  r e p o r t 1 6  w e  found a markedly  

d i m i n i s h e d  c a p a c i t y  for v a s o c o n s t r i c t i o n  i n  r e s p o n s e  t o  

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

m i n u t e s .  P h e n y l e p h r i n e  i . v .  n o r m a l l y  e l i c i t s  a b r i e f  b u t  
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w i d e s p r e a d  p e r i p h e r a l  v a s o c o n s t r i c t i o n  which._r&~ses BP a n d  

v i a  t h e  b a r o r e c e p t o r  r e f l e x  r e d u c e s  HR. Wi th in  t h e  f i r s t  8- 

min p o s t e x p o s u r e  (1000 r a d ,  170 rad /min  6oCo) u n d e r  s i m i l a r  

c o n d i t i o n s  t o  t h e  p r e s e n t ,  w e  had great d i f f i c u l t y  i n  e l i -  

c i t i n g  any r ise  i n  BP d u r i n g  t h e  deep  h y p o t e n s i v e  p e r i o d ,  

u s i n g  even large d o s e s  of p h e n y l e p h r i n e .  What s m a l l  BP 

rises w e  d i d  p r o d u c e ,  however ,  b r o u g h t  a b o u t  smaller t h a n  

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

arc w a s  g e n e r a l l y  d e p r e s s e d  a t  t h i s  t i m e ,  i n  a c c o r d  w i t h  a n  

ear l ier  f i n d i n g  by Nathan and  Craig who u s e d  t h e  c a r o t i d  

o c c l u s i o n  t e c h n i q ~ e . ~  

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

r e t u r n  and  t h e  b a r o r e f l e x  became i n c r e a s i n g l y  h y p e r r e a c t i v e  

up t o  about  25 m i n  p o s t ,  a s  e v i d e n c e d  by e x c e p t i o n a l l y  s h a r p  

increases i n  BP and p a r a l l e l  r e f l e x i v e  d e c r e a s e s  i n  HR w i t h  

e a c h  i n j e c t i o n .  T h i s  l a t e r  development  of h y p e r r e a c t i v i t y  

c o r r e s p o n d s  i n  t i m e  p o s t e x p o s u r e  w i t h  t h e  r e c o v e r y  and  

o v e r s h o o t  s tage o f  TPR n o t e d  i n  t h e  p r e s e n t  s t u d y .  T h e  i n i -  

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

p r e s e n c e  of an ongo ing  t a c h y c a r d i a  i n d i c a t e s  t h a t  i t  was t h e  

v a s c u l a r  component o f  t h e  r e f l e x  t h a t  was r e n d e r e d  t e m p o r a r i l y  

impo ten t  immedia t e ly  a f t e r  i r r a d i a t i o n .  Thus ,  the p e r i o d  

encompass ing  t h e  i n i t i a l  l o s s  and g r a d u a l  r e s t o r a t i o n  o f  

- 

A f t e r  8-15 m i n  p o s t ,  however ,  we 

37 



I 

TPR over minutes 6-13, approximately, is considered to 

bracket the primary vascular shock period, that is, where 

the capacity for vasomotor responses was temporarily dis- 

abled. 

.- c - 

A similar vasopressor depression was encountered 

during the same postirradiation critical period in a pre- 

vious study where we irradiated monkeys while they were 

lever-pressing for electrical stimulation of the hypothalamus 

or other deep brain sites. l7 

as usual and in parallel with it self-stimulation response 

frequency diminished and then recovered. Furthermore, the 

effectiveness of brain stimulation which elevated BP prior 

to irradiation was attenuated during the postexposure hypo- 

tensive period, whether administered manually o r  by self- 

stimulation. Like the phenylephrine failure to elicit vaso- 

constriction via direct chemical stimulation of the vessels, 

electrical stimulation through presumably normal neural path- 

ways was also temporarily ineffective. 

Transient hypotension occurred 

Results analogous to the phasic rise and fall in 

cardiac output observed here have been obtained in previous 

studies where postirradiation changes in internal carotid 

blood flow were recorded by means of extravascular-cuff 

flow probes (electromagnetic). Turbyfill et a1 presented 
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a g roup  c u r v e  f o r  1 2  monkeys d e p i c t i n g  mean c a r o t i d  f low 

f o l l o w i n g  a 4000-rad gamma-neutron p u l s e  which r e v e a l e d  a 

p a t t e r n  o f  c h a n g e s  o v e r  t i m e  very  s i m i l a r  t o  t h e  t r e n d  shown 

by t h e  m a j o r i t y  o f  t h e  p r e s e n t  a n i m a l s .  Immedia te ly  f o l l o w -  

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

r i s i n g .  C a r o t i d  f l o w  peaked  a t  4 min  p o s t p u l s e  a t  t h e  same 

t ime a s  t h e  p o i n t  o f  d e e p e s t  h y p o t e n s i o n .  C a r o t i d  f low t h e n  

d e c l i n e d  as BP r o s e  i r ,  t h e  T u r b y f i l l  s t u d y ,  and remained  de-  

p r e s s e d  a t  t h e  f i n a l  60-min p o s t  o b s e r v a t i o n .  I n  a n o t h e r  

e x p e r i m e n t ,  T u r b y f i l l  e t  a l .  , *  p r e s e n t e d  a c a r o t i d  f low 

c u r v e  for  s i x  monkeys performing a t a s k  d u r i n g  i r r a d i a t i o n  

w i t h  a 2500 gamma-neutron p u l s e .  Tha t  c u r v e  a l s o  d e p i c t e d  

a n  e a r l y  p o s t r a d i a t i o n  increase f o l l o w e d  by a d e c r e a s e .  The 

f low d e c r e a s e  was t r a n s i e n t ,  however ,  and t h e  c h a n g e s  gen- 

e r a l l y  were n o t  found t o  be  s i g n i f i c a n t .  

.* L 

O u r  own u n p u b l i s h e d  o b s e r v a t i o n s  o f  c h a n g e s  i n  

common c a r o t i d  b l o o d  f l o w  a f t e r  1000 r a d  6oCo e x p o s u r e  a t  

d o s e  r a t e s  of 50 t o  180 rad jmin , ’  have  l i k e w i s e  r e v e a l e d  

t h e  g e n e r a l  f i n d i n g  o f  a n  i n i t i a l  increase  f o l l o w e d  by a 

d e c r e a s e  i n  mean c a r o t i d  f l o w .  H o w e v e r ,  b e c a u s e  o f  (1) 

t h e  r e c o r d i n g  i n s t a b i l i t i e s  of  e lectromagnet ic  f low p r o b e s  

m e c h a n i c a l l y  c l a s p i n g  a v e s s e l  which may s h r i n k  i n  c i rcum- 

f e r e n c e  a f t e r  i r r a d i a t i o n ,  and ( 2 )  t h e  u n r e l i a b i l i t y  of  
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z e r o - f l o w  r e f e r e n c e  d e t e r m i n a t i o n s  w i t h  t h e  c h r o n i c a l l y  

i m p l a n t e d  f l o w  t r a n s d u c e r s  and vessel  o c c l u d e r s ,  G x c e s s i v e  

v a r i a b i l i t y  o c c u r s  and o b s c u r e s  t h e  resul ts .  Such d i f f i -  

c u l t i e s  a s  w e  e x p e r i e n c e d  a l s o  v e r y  l i k e l y  i n f l u e n c e d  

T u r b y f i l l  e t  a l . ' s  n o n s i g n i f i c a n t  c h a n g e s  i n  c a r o t i d  f low 

men t ioned  above .  

.+ - 

The s t u d i e s  o f  Nathan and  C r a i g , 7  and Chapman 

and  Young6 b o t h  employed a n e s t h e t i z e d ,  recumbent  monkeys 

h a v i n g  a c u t e l y  i m p l a n t e d ,  e l e c t r o m a g n e t i c  c u f f - t y p e  flow 

t r a n s d u c e r s  on t h e  common c a r o t i d  w i t h  t h e  e x t e r n a l  c a r o t i d  

l i g a t e d .  Nathan and C r a i g  a l so  w i t n e s s e d  a p h a s i c  increase 

and s u s t a i n e d  d e c r e a s e  i n  c a r o t i d  f l o w  f o l l o w i n g  2500 r a d  

p u l s e d  gamma-neutron r a d i a t i o n .  I n  a s e p a r a t e  g roup  o f  

monkeys r e c e i v i n g  10  1000-rad  X-ray e x p o s u r e s  r e p e a t e d  a t  

5 min i n t e r v a l s ,  Nathan and C r a i g  n o t e d  o n l y  t h e  l a t e r  de-  

crease i n  c a r o t i d  f l o w .  

Chapman a n d  Young6 a d m i n i s t e r e d  2500 r a d  6oCo a t  

500 rad /min  t o  16 monkeys and n o t e d  a d e c l i n e  i n  i n t e r n a l  

c a r o t i d  blood f l o w  t o  30% o f  i t s  p r e i r r a d i a t i o n  b a s e l i n e  

a t  1 0  m i n  f o l l o w i n g  t h e  exposure ' s  s t a r t ,  which  t i m e  was 

t h e  e z r l i e s t t h e y  were a b l e  t o  r e i n s t i t u t e  m o n i t o r i n g  a f t e r  

t h e  e x p o s u r e ' s  c o m p l e t i o n .  A t  t h e  h i g h  d o s e  ra te  t h e y  

employed (500 rad / rn in ) .  t h e  p o i n t  of d e e p e s t  h y p o t e n s i o n  
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s h o u l d  have been a c h i e v e d  w i t h i n  2-3 m i n  o f  t h e  e x p o s u r e ' s  

s t a r t  b a s e d  on  o u r  own d o s e - r a t e  f i n d i n g s .  2 ' 5  -Thus by their  

10-min p o s t e x p o s u r e  o b s e r v a t i o n  BP s h o u l d  have  been r i s i n g  

and f low f a l l i n g  by a n a l o g y  to t h e  p r e s e n t  f i n d i n g s ,  a s  w e l l  

as t o  t h o s e  of T u r b y f i l l  e t  a l .  T h e r e f o r e  t h e  a v a i l a b l e  

r e p o r t s  of p o s t i r r a d i a t i o n  c h a n g e s  i n  c a r o t i d  b lood  f low 

seem g e n e r a l l y  i n  agreement  w i t h  t h e  c h a n g e s  p r e s e n t l y  s e e n  

f o r  a o r t a  f low ( c a r d i a c  o u t p u t )  w i t h  r e s p e c t  t o  d i r e c t i o n a l  

p a t t e r n  and t i m e  c o u r s e .  

C e r e b r a l  C i r c u l a t o r y  I n s u f f i c i e n c y  

-- - 

Task pe r fo rmance  decrement  a n d / o r  f r a n k  i n c a p a c i t a -  

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

a t i o n  m i n u t e s ,  and a c o n t i n u i n g  e f f o r t  h a s  been underway t o  

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

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

measured  c o n c o m i t a n t ,  r e p e a t e d  a t t e m p t s  have been  made t o  

d e t e r m i n e  s t a t i s t i c a l  c o r r e l a t i o n s  between BP and t h e  be- 

h a v i o r a l  measures a f t e r  e x p o s u r e ,  b u t  t h e s e  have been gen- 

e r a l l y  d i s a p p o i n t i n g .  1, 'J4 t5  

s t r a t e d  a s t a t i s t i c a l l y  s i g n i f i c a n t  a s s o c i a t i o n  between d e p t h  

of h y p o t e n s i o n  and f r e q u e n c y  o f  pe r fo rmance  d e c r e m e n t ,  we 

a l s o  n o t e d  t h a t  a s i z e a b l e  p r o p o r t i o n  (52$1,) o f  monkeys show- 

i n g  BP d r o p s  of 50% o r  more d i d  n o t  d e m o n s t r a t e  a n y  measure-  

a b l e  pe r fo rmance  decrement-. 

Al though w e  r e c e n t l y  demon- 

5 

. 
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B u t  i t  is o b v i o u s  t h a t  h y p o t e n s i o n  c o n s t i t u t e s  o n l y  
.- & - 

one component o f  a complex c o m p o s i t e  of c a r d i o v a s c u l a r  se- 

q u e l a e  t o  e x p o s u r e .  A more d i r e c t  p h y s i o l o g i c a l  c o r r e l a t e  

of t h e  b e h a v i o r a l  impa i rmen t s  would seem l o g i c a l l y  t o  b e  

c e r e b r a l  c i r c u l a t o r y  i n s u f f i c i e n c y .  However w e  s t i l l  have  

no v e r y  d i r e c t  i n f o r m a t i o n  a s  t o  t h e  c i r c u l a t o r y  s t a t u s  o f  

t h e  b r a i n  d u r i n g  t h e  e a r l y  p o s t i r r a d i a t i o n  syndrome. The 

p r e s e n t  r e s u l t s  r e v e a l e d  t h a t  t h e  f i r s t  f e w  m i n u t e s  f o l l o w -  

i n g  t h e  n a d i r  o f  h y p o t e n s i o n  s h o u l d  have  been t h e  most c r i -  

t i c a l  f o r  t h e  m a i n t e n a n c e  of a n  a d e q u a t e  c e r e b r a l  p e r f u s i o n  

p r e s s u r e ,  b e c a u s e  i t  w a s  d u r i n g  t h i s  p e r i o d  when c a r d i o v a s -  

c u l a r  b a l a n c e  r e s u l t e d  i n  a low c a r d i a c  o u t p u t ,  a low ( a l -  

t hough  r i s i n g )  BP, and an i n c r e a s i n g ,  p e r h a p s  sup ranorma l  

v a s c u l a r  resistance ( i . e . ,  d e c l i n i n g ,  subnormal  p e r i p h e r a l  

f l o w ) .  T h e  s t u d i e s  c i t e d  ear l ie r  which m o n i t o r e d  c a r o t i d  

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

b l o o d  f l o w  (BBF) might  o c c u r  d u r i n g  t h i s  c r i t i c a l  per iod.1,216-* 

Our recent b e h a v i o r a l  s t u d y  showed t h a t  t h e  m a j o r i t y  o f  a n i -  

ma l s  e x h i b i t i n g  pe r fo rmance  decrement  d i d  so  abou t  1 t o  4 

m i n  f o l l o w i n g  t h e i r  h y p o t e n s i v e  n a d i r , 5  which t i m e  w e  are 

p r o p o s i n g  is t h e  c r i t i c a l  p e r i o d  for t h e  m a i n t e n a n c e  of t h e  

BBF a t  a n  a d e q u a t e  l e v e l  f o r  t a s k  p e r f o r m a n c e .  

The p o s s i b i l i t y  o f  BBF d e p r i v a t i o n  is i m p l i e d  

by M c F a r l a n d ' s  and L e v i n ' s  r e c o r d i n g  o f  h i g h  a m p l i t u d e ,  s l o w  
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wave EEG i n  monkeys d u r i n g  t h e i r  performance decrement  

e p i s o d e s  s h o r t l y  a f t e r  2500 r a d  gamma-neutron e x p o s u r e .  

Brooks ,  e a r l i e r ,  had s e e n  EEG s l o w i n g  i n  nonpe r fo rming  

.- c 
4 

monkeys immedia t e ly  a f t e r  1000+ r gamma e x p o s u r e .  l8 We 

l i k e w i s e  h a v e  made o b s e r v a t i o n s  ( u n p u b l i s h e d )  of s l o w  wave 

EEG a s  w e l l  as d i m i n i s h e d  s e n s o r y  evoked  p o t e n t i a l s  d u r i n g  

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

l y i n g  pe r fo rmance  dec remen t .  l9 

Another  i n f l u e n c e  o p e r a t i n g  t o  c a u s e  t h e  second-  

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

would be t h e  v a s o c o n s t r i c t i v e  e f f e c t  on b r a i n  b l o o d  v e s s e l s  

of hypocapn ia .  A common o b s e r v a t i o n  h a s  been  t h e  d r a m a t i c  

i n c r e a s e  i n  r e s p i r a t i o n  r a t e  and volume i n  monkeys w i t h i n  

m i n u t e s  a f t e r  i r r a d i a t i o n  i n  t h e  present  d o s e  r a n g e . l p 3  

Moreover ,  as is w e l l  known, h y p e r v e n t i l a t o r y  hypocapn ia  a l so  

i n d u c e s  EEG slow waves.  

Also i n  s u p p o r t  of p h a s i c  p o s t e x p o s u r e  c h a n g e s  i n  

BBF c o r r e s p o n d i n g  t o  t h o s e  r e c o r d e d  i n  t h e  c a r o t i d  and a o r t a  

a r e  t h e  f i n d i n g s  on b r a i n  t e m p e r a t u r e  and bra in  la te ra l  ven- 

t r i c u l a r  pressure.  V i r t u a l l y  t h e  same time course o f  d i r e c t -  

i ona l  change  h a s  been r e p o r t e d  f o r  b r a i n  and  d e e p  body temp- 

e r a t u r e  i n  monkeys d u r i n g  t h e  e a r l y  p o s t r a d i a t i o n  m i n u t e s .  

McFarlandZ0 r e c o r d e d  a s l i g h t  r ise i n  b o t h  d e e p  and s u r f a c e  

b r a i n  t e m p e r a t u r e s  w i t h i n  5 . m i n  of e x p o s u r e ,  f o l l o w e d  by a 
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d e c l i n e  t o  subnormal  temperatures a t  20-min p o s t ,  w i t h  re- 

sumpt ion  t o  near-normal temperatures by 30-min pos t .  P a r a l l e l  

c h a n g e s  were o b s e r v e d  f o r  body core t e m p e r a t u r e .  To t h e  ex- 

t e n t  t h a t  t h e  t e m p e r a t u r e  c h a n g e s  were i n f l u e n c e d  by a l t e r e d  

b l o o d  f l o w  r a t e s ,  M c F a r l a n d ' s  f i n d i n g s  c o r r o b o r a t e  t h e  

.- t - 

a l t e r e d  BBF n o t i o n .  

T u r b y f i l l  e t  a l .  * o b s e r v e d  s i g n i f i c a n t  i n c r e a s e s  

i n  t h e  b r a i n ' s  l a t e r a l  v e n t r i c l e  pressure d u r i n g  t h e  f i r s t  

few m i n u t e s  f o l l o w i n g  a 4000 r a d  p u l s e d  e x p o s u r e .  T h e r e  

t h e n  w a s  a r a p i d  f a l l  i n  t h i s  p r e s s u r e  be low p r e i r r a d i a t i o n  

l e v e l s  u n t i l  a p p r o x i m a t e l y  20 min p o s t .  A s e c o n d a r y  minor  

r ise o c c u r r e d  a t  a p p r o x i m a t e l y  30 min pos t .  These  p h a s i c  

c h a n g e s  i n  i n t r a c r a n i a l  pressure are  also t h o u g h t  t o  have  

r e f l e c t e d  BBF c h a n g e s  by way o f  t h e  l a t t e r ' s  impact  on b r a i n  

b l o o d  volume. 

Nathan and Craig7 p roposed  t h a t  t h e  b r a i n ' s  a u t o -  

r e g u l a t o r y  mechanisms might  be damaged by i r r a d i a t i o n ,  s i n c e  

t h e y  o b s e r v e d  BBF t o  u l t i m a t e l y  decrease a f t e r  e x p o s u r e  even  

b e f o r e  a c r i t i c a l l y  low BP was a c h i e v e d .  In  t h e  n o n i r r a d i -  

a t ed  a n i m a l  s e v e r e  h y p o t e n s i o n  a l o n e  j e o p a r d i z e s  a u t o r e g u -  

l a t i o n  of BBF, and t h e  mechanism a p p e a r s  a b o l i s h e d  a l t o g e t h e r  

below a mean a r t e r i a l  BP o f  abou t  50 nun Hg. 21 
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However, the present conception argues that active .- t - 
vasomotor mechanisms, such as cerebral autoregulation of 

BBF, should not be expected to function normally, if at all, 

ciuring the critical postirradiation period according to the 

vascular shock hypothesis. The cerebral vessels are similar 

in structure to the fine vessels elsewhere, and, for example, 

react with a similar sharp vasodilatation and gradual re- 

covery after histamine injection.22 

the cerebral vasculature may undergo the same transient loss 

of vasomotor competence after exposure, and during the suc- 

ceeding recovery minutes the vasculature's refractoriness 

to ongoing neural control influences should gradually 

subside enabling autoregulation to resume. Therefore, con- 

cerns with whether the particular level of systemic arterial 

BP was sufficient to maintain adequate cerebral perfusion 

pressure appear inappropriate because they are based on ob- 

servations of the nonirradiated animal having an operative 

vascular component for its autoregulatory device. 

The Histamine Hypothesis 

Presumably, therefore, 

The proposition that radiation directly affects the 

peripheral vasculature has long been a popular and viable 

one. 23-27 The nature of the direct effect at the cellular 

level has not been fully elaborated, but has most commonly 
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been h y p o t h e s i z e d  t o  i n v o l v e  t h e  i n j u r y - l i b e r a t i o n  of a .- c - 
v a s o a c t i v e  s u b s t a n c e ,  fo r  example ,  h i s t a m i n e ,  a s  t h e  bas i s  

f o r  t h e  l o s s  of vasomotor  tone  f o l l o w i n g  e x p o s u r e .  2 8 , 2 9  

S e v e r a l  of t h e  c lass ic  h i s t a m i n e  r e s p o n s e s  seem t o  have  been 

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

v a s c u l a r  c h a n g e s ,  as is a p p a r e n t  f rom t h e  f o l l o w i n g  summary 

of h i s t a m i n e  effects  t a k e n  from Doug las .  22 

S u f f i c i e n t  amounts  o f  i . v .  h i s t a m i n e  c a u s e  a 

p ro found  f a l l  i n  s y s t e m i c  BP t h r o u g h  d i l a t a t i o n  o f  t h e  

t e r m i n a l  a r t e r i o l e s  and  v e n u l e s .  C o n c u r r e n t ,  feebler 

c o n s t r i c t i v e  e f fec ts  o c c u r  on t h e  l a rger  v e s s e l s .  Direct 

h e a r t  e f f e c t s  are n o t  seen, b u t  c a r d i a c  o u t p u t  is augmented 

b r i e f l y  by b a r o r e f l e x - m e d i a t e d  t a c h y c a r d i a ,  v e n o c o n s t r i c t i o n  

a n d  i n c r e a s e d  venous  r e t u r n .  S u b s e q u e n t l y  c a r d i a c  o u t p u t  

f a l l s  markedly  as  b l o o d  p o o l s  i n  t h e  p e r i p h e r a l  vascular  

bed and  venous  r e t u r n  d i m i n i s h e s .  These  e f fec ts  are r a p i d l y  

r e v e r s i b l e  a f t e r  m o d e r a t e  d o s e s  a s  t h e  h i s t a m i n e  i s  d e s t r o y e d  

and compensa tory  r e f l e x e s  are a c t i v a t e d .  22 

The h i s t a m i n e  h y p o t h e s i s  h a s  been  r e i n f o r c e d  con- 

s i d e r a b l y  by s e v e r a l  r e c e n t  o b s e r v a t i o n s .  Doyle and 

S t r i k e 3 '  o b s e r v e d  c i r c u l a t i n g  b l o o d  h i s t a m i n e  l e v e l s  ( w h i c h  

t h e y  d e t e r m i n e d  t o  be p r i m a r i l y  of mast c e l l  o r i g i n )  t o  i n -  

crease t o  a peak e i g h t  t i m e s  greater t h a n  p r e i r r a d i a t i o n  

4 6  



levels 3 min after a 4000 rad gamma-neutron pulse. Hista- 

mine levels then decreased over subsequent 2-min measurement 

intervals to become near-normal at 20 min post. Doyle and 

Strike concluded that the amount of histamine released was 

sufficient to produce the observed hypotension. Watters 

et al., 31 

sec period in lightly anesthetized, nonirradiated monkeys. 

BP began to drop immediately and achieved its nadir of 

72% of baseline at 4-min postinjection. BP then recovered 

gradually to over 90% of baseline by 20 min. 

.e c - 

injected 50 pg/kg of histamine i.v. over a 30- 

Doyle, Curran, and T ~ r n s 3 ~  were able to partially 

ameliorate postirradiation hypotension and performance de- 

crement in monkeys pretreated with the antihistamine, 

chlorpheniramine. Their lack of complete success may hh.: 

been due to the fact that chlorpheniramine is an Hi receptor 

antagonist only, and the unblocked H2 receptors, when 

stimulated, can still produce a depressor effect. 3' In a 

separate report, Doyle and Strike33 concluded that in the 

monkey, both H1 and H 2  receptors, when stimulated, have the 

ultimate effect of producing hypotension. Pretreatment with 

both Hi and H2 antagonists (mepyramine and burimamide) af- 

forded significant protection against histamine-induced 

vasodilatation. 

47 



. 

The d i r e c t i o n a l  p a t t e r n  and t i m e  course .of&he p r e -  - 
s e n t l y  o b s e r v e d  e v e n t s  i n v o l v i n g  vascular  shock  and t h e  

s u b s e q u e n t  r e c o v e r y  o f  v a s o c o n s t r i c t i v e  c a p a c i t y  are  c l e a r l y  

c o n c o r d a n t  w i t h  t h e  t i m e  c o u r s e  o f  h i s t a m i n e  l i b e r a t i o n  and 

e l i m i n a t i o n  f o l l o w i n g  i r r a d i a t i o n  r e p o r t e d  by Doyle and 

S t r i k e . 3 0  

of h i s t a m i n e - i n d u c e d  BP d r o p  and  r e c o v e r y  o b s e r v e d  i n  monkeys 

by Watters e t  a l .  31 The h i s t a m i n e  h y p o t h e s i s  t h e r e f o r e  seems 

e m i n e n t l y  a c c e p t a b l e  t o  e x p l a i n  t h e  immedia te  r a d i a t i o n  e f -  

f e c t s  s e e n  i n  t h i s  laboratory as  well as  e l s e w h e r e  i n s o f a r  

as t h e  a u t h o r ' s  r e v i e w  o f  t h e  l i t e r a t u r e  h a s  d e t e r m i n e d . *  

I t s  f u r t h e r  c o n f i r m a t i o n  now awaits  t h e  t e s t i n g  o f  t h e  p r e -  

t rea tment  e f f i c a c y  o f  t h e  combined H1-HZ r e c e p t o r  a n t a g o n i s t s  

a g a i n s t  p e r f o r m a n c e  decrement  i n  i r r a d i a t e d  monkeys. 

The r e s u l t s  a l so  concur w i t h  t h e  t i m i n g  and d e p t h  

* The onse t  o f  t h e  p r e s e n t  complex o f  c a r d i o v a s c u l a r  c h a n g e s  

became v i s i b l e  o n l y  3 m i n  a f t e r  t h e  e x p o s u r e ' s  s t a r t .  I t  

f o l l o w s  t h a t  t h e  a b s o r p t i o n  of some 300+ r a d  ( 2  m i n  x 150 

r a d / m i n )  was a s u f f i c i e n t  r a d i a t i o n  e x p o s u r e  t o  provoke  

t h e  v a s c u l a r  s h o c k .  T h i s  t h r e s h o l d  d o s e  t o  e f f e c t  h a s  been 

v e r y  c o n s i s t e n t  o v e r  a r a n g e  o f  d o s e  r a t e s d 5  Slower  d o s e  

r a t e s  (down t o  33 r a d / m i n )  s y s t e m a t i c a l l y  d e l a y  t h e  onse t  

o f  t h e  c h a n g e s  and  as  w e l l  p r o t r a c t  t h e  f a l l  time of t h e  

BP d r o p .  The l a t t e r  f i n d i n g  ind ica tes  t h a t  t h e  v a s c u l a r  
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r e l a x a t i o n  r e s p o n s e  is g r a d e d  a s  a func t io .n_& e x p o s u r e  

d o s e  r a t e ,  o n c e  t h e  300 r a d  c u m u l a t i v e  t h r e s h o l d  h a s  

been e x c e e d e d .  T o  a l i g n  t h e  g r a d e d  v a s c u l a r  r e s p o n s e  

r e s u l t  w i t h  t h e  h i s t a m i n e  h y p o t h e s i s  r e q u i r e s  o n l y  t h e  

a s sumpt ion  t h a t  t h e  r a t e  of h i s t a m i n e  l i b e r a t i o n  l i k e -  

w i s e  is a f u n c t i o n  o f  d o s e  r a t e .  The f r e q u e n t  f i n d i n g  

t h a t  r e c o v e r y  f rom h y p o t e n s i o n  may b e g i n  even w h i l e  r a -  

d i a t i o n  e x p o s u r e  c o n t i n u e s ,  may s i m p l y  mean t h a t  t h e  

a v a i l a b l e  h i s t a m i n e  s tores  had been d e p l e t e d  b y  t h a t  

t i m e  . 

- 
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