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SYNOPSIS - 

Three l e v e l s  of decreased a r t e r i a l  oxygen . s a t u r a t i o n  e l i c i t e d  a 

graded c i r c u l a t o r y  response i n  dogs, manifested by s tepwise  i n c r e a s e s  

i n  c a r d i a c  ou tpu t ,  l e f t  v e n t r i c u l a r  dp/dt,  and s t r o k e  volume and de- 

' ererises i n  sys temic  v a s c u l a r  r e s i s t a n c e .  Responses t o  s i m i l a r  TnypoxTa 

- cha l l enges  fo l lowing experimental  myocardial i n f  a r c t i a n  were qua= ta- 

. \ - - - - -. - - t i v e l y  s i m i l a r  b u t  q u a n t i t a t i v e l y  less. Although t h e  c i r c u l a t o r y  com- . 
pensa t ion  f o r  hypoxia was l e s s  e f f e c t i v e  fol lowing myocardial i n f a r c t i o n ,  

no f u r t h e r  d e t e r i o r a t i o n  of t h e  hernodynamics was noted. 



A r t e r i a l  hypoxia i s  common i n  with cardiac  and/or 

pulmonary disease .  Recently s eve ra l  inves t iga t ions  have demons traeed 

t h a t  p a t i e n t s  wi th  severe  myocardial. i n f a r c t i on  f requent ly  develop .. -. 
decreased a r t e r i a l  oxygen tensions due t o  abnormali t ies of v e n t i l a t i o n  

* 

and perfusion (MacRenzie, FJ-enley, Taylor, McDonald, Staunton, and 

Donald, 1964; McNicol, ~ i r b ~ ,  Bhoola, Evef e s  t , Pr ice ,  and Freedman, 
a 

1965; Valentine,  Fluck, Mounsey, Reid, Shi l l ingford,  and S te iner ,  99661, 

Altho.ugh t h e  c i r cu l a to ry  responses to  systemic hypoxia i n  normal man 

have been descr ibed by s eve ra l  authors (Rorner, 1959; Fishman, Fritts, 
i 

and Cournand, 1960; Chidsey , Frye, Kahler, and Bratmnwald, 1-961) , - 
a .  

1-Ltt le i s  known about t h e  c i rcu la to ry  responses t o  mild systemic hypoxia 
* t  . 

fn p a t i e n t s  who have developed acute  myocardial i n f a r c t i on .  The general  

--- - - . - response t o  hypo-r;ia i n  both A conscious and anesthet ized sub jec t s  i s  char- 

a c t e r i zed  by tachycardia,  increased ca rd iac  output and decreased - -  

. . * '  - . _  + 
systemic vascu la r  r e s i s t ance  when the  sub jec t  i s  allowed t o  a l t e r  his 

. v e n t i l a t i o n  (Korner, 1959). When ven t i l a t i on  has been control led during 

- - - - - - - hypoxia experiments? t h e  r e s u l t a n t  data  have var ied  considerably,  perhaps 6 - ---ad^----- - - -  - . - --- - - -- - - * - 
.. 

due t o  t h e  curariform compounds used as neuromuscular blocking agents 

- (MurrayzndYoung, 1963; Kontos,Mauck,Richardson, a n d p a t t e r s o n ,  1965)- 4. 

D 

I n  animal s t u d i e s  most inves t iga tors  i n t e r e s t ed  i n  t he  mechanisms of -, - " .. 
: r 

hypoxia response have used oxygen leve l s  which a r e  incompati.ble wfth l i f e  

- . - *.- over long per iods  r a t h e r  than t h e  more moderate l e v e l s  of hypoxia 



-2- 

- - - - - - - -- - - - - - - -. . . . . 

6 commonly fouildJn p a t i e n t s  (Korner, 1959; Woods and Richardson, 1959; 
-- -- - - . . - - - - - -- - - - - - - - - - - . . 

Korner and White, 1966). To our knowledge no hypoxia s t u d i e s  have been 

conducted i n  animals w i t h  experimental myocardial i n f a r c t i o n s .  
. . 

This i n v e s t i g a t i o n  was designed t o  permit comparison of the heno- 

dynamic responses t o  hypoxia of normal animals with responses of the s m e  - 

animals a f t e r  a c u t e  coronary a r t e r y  l i g a t i o n ;  and, by s tudying three 
. - . . 

., ' l e v e l s  of hypoxia, t o  c l a r i f y  t h e  c i rcu ia to ry  mechanisms involved i n  the -. 
hypoxia response,  par t - icular ly  i n  thk response t o  t h e  n i l d  hypoxia seen 

L 

- -- - i n  -- c l i n i c a l  s i t u a t i o n s ,  - -  - - - - The - - - p a r t i c u l a r  - - - - advantage of t h i s  model i s  tha t  i t  _ _  _ _ _  _ _  -__-- 

allows % e s t i m a t i o n  of t h e  s i z e  of myocardial i n f a r c t i o n ,  i d e n t i f i c a t i o n  of 

t h e  hemodynamic changes o c c u r r h g  wi th  hypoxia, and 'control  of the 

a r t e r i a l  blood gases ,  which may a l s o  a l t e r  c i r c u l a t o r y  dynamics, 

, .  METHODS i 

. . 
Stud ies  were performed on twenty-one mongrel dogs weighing 8-24 kg, 

2: 'i . @ 

The-animals were anes the t i zed  wi th  a mixture of alpha-chloralose 

(80 mg/kg) and ure thane (500 mg/kgj , with supplemental doses being 

administered t o  mainta in  l i g h t  anes thes ia ,  a s  judged by t h e  corneal  - 

r e f l e x e s .  

A mids te rna l  thoracotomy was performed, and t h e  animals were 

- -- - -- - instrumented f o r  phys io log ica l  measurements. Centra l  a o r t i c  pressure 
-- - - -- - - -- - - - - - - - - - - . - - - -  - -  

was monf t o r e d  through a PE 260 c a t h e t e r  e - introduced i n t o  t h e  right 

- ,  femoral a r t e r y .  A s i m i l a r  c a t h e t e r  was advanced from t h e  l e f t  c a r o t i d  

a r t e r y  t o  t h e  l e f t  v e n t r i c l e .  L e f t  a t r i a l  pressure  was measured through 

- a PE 260 f lange-t ipped c a t h e t e r  placed d i r e c t l y . i n  t h e  l e f t  atrim 

- through a s t a b  wound i n  t h e  appendage. A l l  c a t h e t e r s  were s t i f f  poiy- 
. .  

- . .  
ethylene  and were less than 50 cm i n  length.  Pressures were measured . .& 



. . - 
w i t h  Statham PZ3Db o r  P23De pressure  transducers.  The maximal r a t e  of 

a 1(: a. 
uZ ---- - - - - - - - - -- - -- - 

l e f t  v e n t r i c u l a r  pressu*e development (LV dp/dt)  was recorded directly 

from t h e  l e f t  v e n t r i c u l a r  p ressure  curve by means of an  KC d i f f e r e n t i a t o r  

s e n s i t i v e  t o  35 cps and was u s e d  a s  an index of myocardial c o n t r a c t i l i t y  

(Gleason and Braunwald, 1962). The r i g h t  femoral v e i n  was cannulated 

f o r  drug and dextran  adminis t ra t ion .  

Cardiac output  was measured by means of a gated sine-wave e l e c t r o - -  
.. -. 

magnetic f lowmeter (Biotronex) , p l a c ~ d  on t h e  ascending a o r t a  j ustt distal 
.. 

t o  t h e  coronary a r t e r i e s .  Each flowprobe was c a l i b r a t e d  by means of  
- . -- -- - - - - - - - - .__).. - _ __ __ _ .- -___ ___--_ 

comparisons w i t h  m u l t i p l e  c a r d i a c  ou tpu t s , ' de temined  by s tandard  
4' 

i n d i c a t o r  d i l u t i o n  techniques.  The electrocardiogram was monitored 

b 
I +  continuously.  A l l  recordings  were made on an 8-channel B e c h a n  Model R 
I. . 4  

G 
! . di rec t -wr i t ing  osc i l lograph .  To assure  temperature s t a b i l i t y  a t  38,5"C 
I 

I 

i .throughout each s tudy ,  a l l  experiments were conducted on a Gorman-Kupp 

aquamatic pad, Model K-1-3. 
r .  C p . 

> 
f .  

A cuf fed  endotracheal  .tube connected t o  a Bennett Model PR-1I"; 
. * 1 .  

r e s p i r a t o r  was used t o  v e n t i l a t e  each animal. A t  var ious  times through- ! - r  - - 
i - 
! . o u t  the s tudy t h e  lungs were expanded maximally t o  prevent  t h e  development 

. . * '  - .  
of a t e l e c t a s i s .  Compressed a i r ,  12% oxygen-88% ni t rogen and 8% oscygen-- 

1 ' . 92% n i t r o g e n  w e r e  t h e  gas mixtures used f o r  v e n t i l a t i o n .  To a s s u r e  : 
5 
L .  
h .. .- .. . - - r e s p i r a t o r y  s t a b i l i t y ,  a r t e r i a l  pH, pO and pCO were monitored w i t h  

- - - - --- -=----'----- ' -- - . - . - - --- -22'-------- 2 --  P 

5 - 
$ . .  a ~odel"APlE-1 Astrup microapparatus; c a l i b r a t i o n s  were made s e v e r a l  
I 
T 
h - . t i m e s  d a i l y .  V e n t i l a t i o n  was adjus ted  on the  b a s i s  of oxygen t ens ion  C * 

i n  t h e  arterial blood, measured by means of a  modified Clark p02 electrode * 

i- 

7 '  ;.. 
t 
Q (Astrup, Jorgensen, Anderson, and Engel, 1960; ' Jensen, 19631, as w e l l  as 4 

i- --. - - - .  - - t h e  pH and pCO readings .  The percent  oxygen s a t u r a t i o n  has  been 
2 

)I 



-. 
-4- 

.- - f - - 

6 c a l c u i a t e d  f o r  each measurement using t h e  pO and pH t o  f a c i l i t a t e  
- - - - - - A . - - - - - - - - - U'--. _ - . ---- -. - 2 -- -- . . - -. 

- -- 
comparison of t h i s  s tudy t o  previous works. I n i t i a l  pH values  v a r i e d  

from 7.34 t o  7.40 and c o n t r o l  p02 readings were maintained above 85 nmlrfg, 

- - .  - 
Control  P ~ ~ 2  va lues  w e r e  a l l  g r e a t e r  than 30 mmHg. Blood samples were 

withdrawn f o r  determinat ions  b e f o r e  each hypoxia chal lenge and a t  

2 minute i n t e r v a l s  throughout t h e  per iod of a l t e r e d  t n s p i r e d  gas  mixtures ,  

Blood samples ranged i n  s i z e  from 1 t o  1.5 ;c t o  avoid s i g n i f i c a n t  blood - f 
l o s s  during t h e  experiment. Packed c e l l  voluie and hemoglobin content  ... . 
were determined a t  t h e  beginning and end of each study.  Hemoglobin was ---- --.-- _ _ _  I_ - 

: 
measured by t h e  cyanmethemoglobin method, us ing a Eeckman Model B 

+! 

Spectrophotometer w i t h  a wavelength of 540 mil l imicrons.  

..The s u r g i c a l  procedure required  approximately one hour,  Dextran I 70 

- - was given t o  r e p l a c e  blood l o s s .  Af ter  a 20-30 minute s t a b i l i z a t i o n  
/ 

*- ..- - - per iod,  c o n t r o l  recordings  and blocd gases were obtained.  Each dog was - ? 

t- 9 then L \  v e n t i l a t e d  wi th  12% oxygen i n  n i t rogen  f o r  10 minutes, f o l l a ~ e d  by 

6% oxygen i n  n i t r o g e n  f o r  8 minutes. These t i m e  l i m i t s  were s e l e c t e d  

.',. 
because they allowed a r t e r i a l  oxygen s a t u r a t i o n s  t o  s t a b i l i z e  above 

70% whi le  v e n t i l a t i n g  wi th  t h e  12% oxygen mixture and betweeil 50;; aar~.d . . * .  - .. 
\ 

70% whi le  v e n t i l a t i n g  wi th  8% oxygen. Subsequently t h e  oxygen s a t u r a t i o n  

f e l l  below 50% i n  some of t h e  animals. Data were recorded continuously 
-- - I .  

. - . - - .- - ----throughout t h e  p e r i ~ d  of hypoxia. A l l  t w e n t y ~ o n e  animals were then t 

4 - _ -. - - - 
v e n t i l a t e d  wi th  100% oxygen f o r  10 minutes, t o  a s s u r e  r a p i d  recovery, 

- b e f o r e  being re tu rned  t o  compressed a i r  ' v e n t i l a t i o n .  A t  t h e  end of the .. (t 

3 

hypoxic pe r iod ,  6% B x t r a n  70 was administered ro r e p l a c e  blood withdraw11 - : %  

f o r  blood gas a n a l y s i s .  4 



. - _ _  _ _ _ _ _ _  _ _ _  __ ._  _ _ - __I_ _ - - -  

. . E. 
. -.- . -_  - . HyocardiaE:infarction was produced by l i g a t i o n .  A l l  coronary -------- 

. - 

- a r t e r y  branches on t h e  p o s t e r i o r  surface ,  no t  v i s i b l y  supplying t h e  

septum o r  r i g h t  v e n t r i c l e ,  were l i g a t e d .  Af te r  15 minutes, t h e  anterior 
-.- -------....-------- - - .- - - - - -- 

descending branch of t h e  l e f t  coronary a r t e r y  was d i s s e c t e d  f r e e  and 

l i g a t e d  one-Zhird t h e  d i s t a n c e  from the  apex. To suppress  ventricular 

- arrhythmias dur ing  t h e  l i g a t i o n  per iod,  0.5 mg/min l i d o c a i n e  was infused 

- using a H a ~ a r d  i n f u s i o n  pump, and 1 cc of I mg/cc Iiducaine 
4 - were app l i ed  d i r e c t l y  t o  the  myocardial su r face .  Following 1igat i .on of 

t --- the-coronary-ar ter ies  and d-iscontinuation of t h e  l i d o c a i n e  i n f u s i c n ,  ---- 

30 minutes recovery time was allowed f o r  hernodynamic s t a b i l i t y  t o  

develop and f o r  e l imina t ion  of l idoca ine  from t h e  system. The lidoeaine 

h a l f - l i f e  i n  plasma i s  approximately 13 minutes (Rlein,  Sutherland,  and 

Morch, 1968) and c l i n i c a l  e f f e c t s  have genera l ly  diszppeared after 
.. . 
10 t o  20 minutes. The hypoxia challenges were then repeated  fo l lowing  

\ 

t h e  same expkrirnental p r o t ~ ~ ~ i .  

Tbe e x t e n t  of nonperfused a r e a  of t h e  myocardium was determined 

a t  the end of  each s tudy by i n j e c t i n g  Evans b l u e  dye i n t o  the right and 

l e f t  coronary o s t i a .  Af te r  - .- f i x i n g - t h e  h e a r t s  i n  formalin t h e  l e f t  

v e n t r i c l e ,  inc lud ing  t h e  septum, was separa ted  and weighed. The non- 

perfused a r e a  of t h e  f r e e  l e f t  v e n t r i c u l a r  w a l l ,  uns ta ined by the Evans 

-- -- - - - - - - - - - - - - - - - - -- - - -- 6 
* .  - - ~ S U % - ~ ~ G ,  was d i s s e c t e d  and i t s  weight compared t o  t h e  weight of the 

- . - - - - - - 
-- 

- . e n t i r e  l e f t  v e n t r i c l e .  The i n f a r c t e d  a r e a  is  expressed a s  percent  - . . C e .  

weight of the t o t a l  l e f t  v e n t r i c l e ,  inc luding t h e  septum. -9 
'I 

/ .  
Stroke.volume was determined by dividing mean c a r d i a c  o u t p u t  by +-? . 

I .  rl 
% *  v.. . 

h e a r t  r a t e ,  and is expressed i ~ i  milli l i ters p e r  bea t .  An index of I 

. - . - - *  - - . - - .  . - - - - - - -- - 

systemic v a s c u l a r  r e s i s t a n c e  was ca lcu la ted  i n  a r b i t r a r y  u n i t s  by . 
4 

r P 



- - -- -- - -- -- - - . 
d i v i d i n g  mean a o r t i c  p r e s s u r e  by c a r d i a c  ou tpu t  ( S V ~ / u n i t s j .  An LBM 6 2, rr - ------.- - ---- -- . . 
360/50 d i g i t a l  conpu te r ,  programmed t o  c a l c u l a t e  means and s t a n d a r d  

e r r o r s  and t o  per form p a i r e d  and unpai red  t - t e s t  ana lyses  was used t o  

a n a l y z e  and e v a l u a t e  t h e  d a t a .  

The two main hypoxia d a t a  groups,pre-myocardial i n f a r c t i o n  a d  

post-myocardiai  i n f a r c t i o n  have been d iv ided  i n t o  t h r e e  l e v e l s  of 

ar ter ial  oxygen s a t u r a t i o n .  The "moderate"'hypoxia ca t egory  (A) i n c l u d e s  . -  . -. 
arter ial  oxygen s a t u r a t i o 5 s  from normal t o  70%, o r  hypoxia compat ib le  

&. , 

. k w i t h  l i f e .  "Severe" bypoxia (B) r e p r e s e n t s  oxygen s a t u r a t i o n s  f rom 70% 
- - -  --- 

: t o  504, a ' r a n g e  known t o  r e s u l t  i n  excess  L a c t a t e  p i o d u c t i o n  (Huckabec, 
c 

1958).  "Extreme" hypoxia  (C) i n d i c a t e s  l e s s  t han  50% s a t u r a t i o n ,  7~"nicR 

is t h e  t h r e s h o l d  f o r  s t i m u l a t i o n  of t h e  sympathe t ic  nervous system 

. (Ng, Levy, DeGeest, and Zieske ,  1966; Downing and S i e g e l ,  1963) and 

ca techolamine  r e l e a s e  from t h e  a d r e n a l  g l ands  (Baugh, C o r n e t t ,  and 
* 1 - - 

Hatcher ,  1959) . Fur thermore , ,  when i s o l a t e d  h e a r t s  are p e r f u s e d  with b 
t- t 

, . hyp6xic  b lood ,  50% s a t u r a t i o n  r e p r e s e n t s  t h e  boundary between s tLmula t ion  

... 
i .  and i n h i b i t i o n  of  myocard ia l  c o n t r a c t i l i t y  (Ng e t  a1.,1966).  Some - - - - -  - - 

animals  d i d  n o t  p r o v i d e  d a t a  a t  each of t h e  hypoxia l e v e l s ;  t h e r e f o r e  

t h e  'In" f i g u r e s  i n  Tab le s  1, 2 and 3, which i n d i c a t e  t h e  number of values 

a v a i l a b l e  f o r  t h e  computation of  t h e  mean of each  parameter ,  vary, 
- * -  

C o n t r o l p a l u e s  f o r  gach parameter  were ob ta ined  p r i o r  t o  t h e  two kkypoxia f 

A 

- .- - cha l l enges .  Where d a t a  were  n o t  a v a i l a b l e  a t  a p a r t i c u l a r  level of 

- .  hypoxia,  t h e  c o n t r o l  v a l u e  f o r  t h a t  animal  h a s  been omi t t ed  at that level, * .  

3 

t h u s  account ing  f o r  t h e  s l i g h t  v a r i a n c e s  i n  c o n t r o l  mean v a l u e s  l i s t e d  
J .. T, , , ' 

i n  each  table . .  



Respcnse t o  hypoxia be fo re  and a f t e r  myocardial i n f a r c t i o n  -- 

P r i o r  t o  l i g a t i o n  of coronary a r t e r i e s ,  hypoxia produced s t a t i s t i c a l l y  

significant i n c r e a s e s  i n  c a r d i a c  output ,  l e f t  v e n t r i c u l a r  dp/dt  and s t r o k e  

volume a t  a l l  decreased a r t e r i a l  oxygen s a t u r a t i o n  l e v e l s  and a s i g n i f i c a n t  

decrease  i n  sys temic  v a s c b l a r  r e s i s t a n c e  (Table I). Aor t i c  s y s t o l i c  p ressu re ,  
.. 

.. , 

f e f  t ventricu1a;- s y s t o l i c  and end d i a s t o l i c  .) pressures ,  and mean l e f t  atrial 
* .  

p r e s s u r e  inc reased  s i g n i f i c a n t l y  a t  t h e  lower a r t e r i a l  oxygen s a t u r a t i o n s ,  
. . . . .  - -- - - - - - - - .- - .-.......... . .  __ . 

The decrease  i n  h e a r t  r a t e ,  whi le 'progress ive ,  was n o t  s t a t i s t i c a l l y  s i g n f f i -  

C- 
cant .  

Following coronary a r t e r y  l i g a t i o n ,  hypoxia produced i n c r e a s e s  i n  
- 4  /. 

: c a r d i a c  ou tpu t ,  l e f t  v e n t r i c u l a r  dp/dt ,  l e f t  v e n t r i c u l a r  end d i a s t o l i c  

-. . pressure ,  s t r o k e  volume and mean l e f t  a t r i a l  p ressu re  and a decrease  i n  
- -  0 . - 

sys tef i ic  v a s c u l a r  r e s i s t a n c e .  These changes were genera l ly  smal l e r  snd less - .  
i, 

* I i" 

- c o n s i s t e n t l y  s i g n i f i c a n t  (Table 2) than those  occurr ing  be fo re  coronary 

' a r t e r y  l i g a t i o n .  Heart  r a t e  decreased s l i g h t l y  during hypoxia, b u t  the 
---- -- L 

changes were n o t  . s t a t i s t i c a l l y  s i g n i f i c a n t .  - - 

Comparison of responses t o  hypoxia b e f o r e  and a f t e r  myocardial 

. - i n f a r c t i o n  r e v e a l s  t h a t  t h e  abso lu te  changes occurr ing  be fo re  c o r o n a q  P 

a r t e r y  l i g a t i o n  were s i g n i f i c a n t l y  g r e a t e r  f o r  c a r d i a c  output  ( p ~ 0 . 0 5  a t  a l l  

t h r e e  l e v e l s ) ,  l e f t  v e n t r i c u l a r  dp/dt  (Figure I ) ,  l e f t  v e n t r i c u l a r  s y s t o l i c  * s 

1 
p r e s s u r e  ( ~ € 0 . 0 5  at  s e v e r e  hypoxia) and s t r o k e  volume (~<0.05 a t  extreme -a, 

'f-5 * 
hypoxia): In  F i g u r e  2 t h e  percentage changes occurr ing  i n  c a r d i a c  o u t p u t  

----....before and a f t e r  myocardial  i n f a r c t i o n  a r e  shown. L e f t  v e n t r i c u l a r  end 

d i a s t o l i c  p r e s s u r e  r o s e ,  fo l lowing i n f a r c t i o n ,  t o  a s i g n i f i c a n t l y  g r e a t e r  
- * 

- - - - -  - * - - . - -- - - - - - - - - - . - - - - - -- - - - -- - - - - 
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ex ten t  i n  t h e  moderate hypoxia range only. A l l  o ther  parameters showed nu 

s t a t i s t i c a l l y  s i g n i f i c a n t  d i f ferences .  
%- 

Pesponses t o  myocardial i n f a r c t i on  

_Extent of myocardial i n f a r c t i o n  

The ex t en t  of t h e  myocardial i n f a r c t i on  var ied  i n  t h e  26 dogs from . - 

20% .to 41% of t h e  t o t a l  l e f t  ven t r i cu l a r  weight; t he  average i n f a r c t ed  -. 
area w a s  29% rt: 1.2%: The p a t t e r n  of acute  myocardial i n f a r c t i on  with ST 

--- --- e leva t ions ,  Q waves and T wave inversion was noted on -the _elect rocardiogran~ 1. 

. . . .  ....... . . . . . .  
Hernodynamic respGnse t o  i n f a r c t i o n  

Comparison of p re - in fa rc t ion  and ppst-infarction con t ro l  values 

. f o r  t h e  21 dogs sub jec ted  t o  hypoxia shows s t a t i s t i c a l l y  s i g n i f i c a n t  

decreases i n  ca rd i ac  output (p<0.05), l e f t  ven t r icu la r  dp/dt (p~O.GP), 

. -. a o r t i c .  pressure  ( ~ ~ 0 . 0 5 )  , l e f t  ven t r i cu l a r  s y s t b l i c  pressure Cp<0. 01) arid - .  

h e a r t  r a t e  (p<0.05) following myocardial in fa rc t ion .  Systemic vascular  \ 

r e s i s t a n c e  (p<0,05) and l e f t  ven t r i cu l a r  ,end d i a s t o l i c  pressure (p<O,OL) in- 

-- creased s i g n i f i c a ~ ~ t l ~ .  - 
- 

Blood gases,  hemoglobin, hematocrit - 
Blood gases obtained throughout t h e  study a r e  l i s t e d  i n  Table 3 ,  

' The va lues  i n  each category a r e  averaged, with "n" ind ica t ing  t he  number 
-. - - - - - 

----...- of animals included i n  t h e  computation. ~ l l -  -PO~-and  percent oxygen satura- 8 

> - 
t i o n  changes during hypoxia d i f f e r ed  s i gn i f i c an t l y  (p<0.01), whether compared 

- e * 
t o  t h e i r  con t ro l s  o r  t o  preceding o r  subsequent changes; comparisons before  3 

* 

and a f t e r  myocardial i n f a r c t i on ,  however, showed no s igh i f i c an t  d i f fe rences ,  
-? - 
a 

Following myocardial i n f a r c t i o n ,  the  a r t e r i a l  oxygen sa tu ra t ions  of fewer . 
I -- - ----- - - - . - - - - - - - .-  - . - - .  - - - - 

: animals f e l l  below 50%, perhaps because of t h e  s l i g h t l y  higher v e n t i l a t i o n  



L -- I: 
-yressures7ind#an-a~e~*eq~ired t o  maintain nornal  pH and pC02 values.  - - 

P r i o r  t o  myocardial i n f a r c t i o n ,  the  average resp i ra to ry  r a t e  was 6.7 per  

minute and t h e  p ressure  on t he  respira tor ,averaged 16.2 an, of water ,  

Following l l g a t f o n  of t h e  coronary a r t e r i e s ,  average resp i ra to ry  r a t e  

and pressure  were 6.9 pe r  minute and 17.8 cm of water. 

Packed c e l l  volume and hemoglobin content , were - determined a t  the 
- .  

. beginning and end. of each inves t iga t ion .  The i n i t i a l  and f i n a l  hematocr%t 
* 

averages were 4 3 . 1  2 1,3% and 39.1 "1.5%. Average hemoglobin content ,  

__ C_ _ ----- expressed i n  grams %, vas  1415 F 0.5 a t  t h e  onsetaAand 1 3 3 - 5 - 0 . 5  a t -  the- 

conclusion of t h e  s t ud i e s .  

. . 
. DISCUSSION 

. 4  . * 
The c i r cu l a to ry  responses t o  hypoxia which have been reported are 

complex and have r a i s ed  much controversy (Korner, 1959). The general  
-* 

response i n  our study was character ized by an increase  i n  ca rd iac  outpu6. 
c .  

and a r t e r i a l  p ressure  and a decrease i n  systemic vascular res i s tance .  These 

- -  A- 

r e s u l t s  a r e  s i m i l a r  t o  those  achieved wi th  control led ven t i l a t i on  by previous 

i nves t i ga to r s  ( ? l u r r a y e t a l . , 1 9 6 3 ) .  I n t h i s s t u d y s p e c i f i c h e m o d y n r a m i c  - -  . . * -  - . .  - 
changes were measured a t  s e v e r a l  d i s t i n c t  l eve l s  of a r t e r i a l  oxygen, With 

mild t o  moderate hypoxia (02 s a t u r a t i o n  of g rea te r  than 70%) t he  cardiac  . - 

--- ---- output,_-left~entricular dp/dt, and stroke-vol-%e-qse_?hile systemic vascular A 

r e s i s t a n c e  decreased. Heart r a t e  d id  not  change, bu t  the rap id  r a t e s  record- 

ed i n i t i a l l y  suggest  t h a t  t he  animals were under high adrenergic s t imula t ion ,  #‘ 

9 

However, t h e  c i r cu l a to ry  changes noted probably resulted. from f u r t h e r  increased 
* 

D i 
r Y  

.sympathetic nervous s t imula t ion  t o  t h e  hear t  and blood vesse l s .  A t  l o w e r  5 

- - - - -  -- - 
a r t e ~ i a l  oxygen-levels (severe and extreme hypoxia) there were a l s o  in- 

/ 

creases  i n  a o r t i c  p ressure ,  l e f t  ven t r i cu l a r  s y s t o l i c  and end-dias tol ic  _ .? 

- --- - - -. - -. .- - - -L . .- - .. - - - -.. - - - - - - - - - - - - - - - - - - - - - .-- - - - 
a 



I': 
pressures,-and-mean--ldf-tat-ri<~,-Pressure. Altliough these changes were s n a l l ,  

they suggest even g r e a t e r  sympathetic s t imulat ion t o  the c i rcu la to ry  sy s tern. 

The mechan-isms by which s t imula t ion  o f . t h e  c i rcu la to ry  system occurs i n  

response t o  hypoxia a r e  mul t ip le .and complex (Korner, 1959; Kontos e t  al., 

1965; Daly and Sco t t ,  1964). Stimulation of t he  per ipheral  a o r t i c  and ca ro t i d  

chemoreceptors (Daly and Sco t t ,  1963; Daly and Ungar, 1966; Downing, 
- . -  - - .  

, ~emeksnyher , and .Mitchel l ,  1962) , medullary chemoreceptors   owning , Mitchell 
* 

and Wallace, 1963), and s t r e t c h  receptors  f n  t h e  lung due t o  increased 

-- - - - - --- - -ven t i l a t i on  (Daly e t  a l . ,  1963; Kontos et  a l . ,  1965) may a l l  con t r ibu te ,  A t  

lower oxygen s a tu r a t i ons  t h e  r e l ea se  of catecholamines from the  adrenal  . . . 
glands occurs (Baugh e t  a l . ,  1959) . Direct  depression of t h e  h e a r t  (Harrison, 

.. 
- Bf alock, P i 1  cher,  and Wilson, 1927; Kahler, Goldblatt ,  and Braunwald, O 1962 ; 

Ng et al., 1966)and blood vesse l s  (Kahler i t  al . ,  1962; Ross, Pa i r ch i l d ,  Weldy 
. - 

- -  * - - . a n d  Guyton, 1962) by hypoxia, usual ly  noted below 50% saturation.,was probably 
b 

t '8 

masked by t h e  i n t ense  adrenergic s t imulat ion.  The s l i g h t  slowing o f  the hear t  

r a t e  and e leva t ion  of t h e  l e f t  ven t r i cu l a r  end d i a s t o l i c  pressure  may hzve 

-- - .- - 
been manifes ta t ions  of t h i s  d i r e c t  e f f e c t .  

-- 
Coronary a r t e r y  1igation.produced e lect rocardiographic  and hemo- 

dynamic consequences cons i s ten t  with acute  myocardial i n f a r c t i on .  'The large 

s i z e  of t h e  i n f a r c t i on ,  as determined by t he  non-perfused t i s s u e  a f t e r  
- - -  . 

--A .-..-- - -- - - -- - - - - - . - - . -- - - - - -  - 
terminat ion of t h e  experiment, suggests t h a t  long term su rv iva l  i n  these 

h - 
animals would have been unl ikely  (Kumar, Hood, Joison,  Norman, and Abel- - 

- mann, 1970) .  With myocardial damage of t h i s  s eve r i t y ,  t he r e  was s i g n i f i -  

cant depression of t h e  ca rd iac  output ,  l e f t  ven t r i cu l a r  dp /d t ,  a r t e r i a l  

p ressure  and h e a r t  r a t e .  Systemic vascular  r e s i s t ance  and l e f t  ven t r i cu l a r  
- - - - - - - 

- end d i a s t o l i c  p ressure  increased.  These changes were profound immediately 
--a 



" a f t e L  coronary a r t e r y J i g a t i o n  b u t ,  a f t e r  30 minutes, s t a b i l i z e d  a t  a -, - - - . . - . . - - - - - - - .  

moderately depressed l e v e l .  Control  s t u d i e s  conducted i n  our l abora to ry  

have shown t h a t  animals prepared i n  t h i s  manner remain s t a b l e  f o r  

more. than 3 hours (Nola, Pope, and Harrison, personal  communication), 

The c i r c u l a t o r y  changes noted i n  our anes thet ized dogs a r e  g r e a t e r  than 
0 

t h o s e  repor ted  l o  i n t a c t  awake dogs when coronary a r t e r i a l  l i g a t i o n  -, 

. - 
" * 

i s  c a r r i e d  out  (Kumar e t  a l . ,  1970) and may r e f l e c t  the  e f f e c t s  of xnes- ,' ; -. 
t h e s i a  i n  modifying t h e  animals ' normal compensatory mechanisms t o  stress , 

- - - - - . - - - - Eowever, t h e  s e v e r i t y  - of t h e  hernodynamic chaqges obseyveccan -be  _compared- - 

w i t h  those  found i n  human s u b j e c t s  with severe  myocardial depress ion (Thomas, 
d 

. . 
Mahcrona,  and S h i l l i n g f o r d ,  1965). 

Once t h e  c i r c u l a t o r y  depression was s t a b l e ,  f u r t h e r  challenge 

w i t h  hypoxia a t  v a r i o u s  l e v e l s  was accomplished, The q u a l i t a t i v e  res-  

.-.- ; ponse to'  t h e  va r ious  l e v e l s  of hypoxia was s i m i l a r  t o  t h a t  observed i n  the ani- 
. - 

mals ,be fore  i n f a r c t i o n ;  s p e c i f i c a l l y ,  an inc rease  i n  ca rd iac  o u t p u t ,  left 
h 

v e n t r i c u l a r  d p l d t  and s t r o k e  volume with mild t o  moderate hypoxia and in- 

-- ..- . c r e a s e s  i n  a r t e r i a l  p ressure ,  l e f t  v e n t r i c u l a r  s y s t o l i c  and end d i a s t o l i c  
- 

pressures ,and l e f t  a t r i a l  p ressure  xa th  mpre severe  hypoxia, Systeeiic . . . - . r - 
. 

v a s c u l a r  r e s i s t a n c e  f e l l  a t  a l l  hypoxia l eve l s .  The changes a f t e r  myocardial 

i n f a r c t i o n  i n  c a r d i a c  output ,  l e f t  v e n t r i c u l a r  dp/dt ,  s t r o k e  volume and a r t e r -  
--- - - 

-- ...---- 
It 

i a l  p ressure  were q u a n t i t a t i v e l y  l e s s  than- those  observed b e f o r e  myocardial 

i n f a r c t i o n  when t h e  same hypoxic challenge given. It appears l i k e l y  
@ 

t6at t h e  same compensatory mechanisms were a c t i v a t e d  t o  meet t h e  s t r e s s  of 
0 

I 
* 

hypoxia, b u t  in t h e  presence of severe  myocardial damage they were l e s s  r, . 
4s 

e f f e c t i v e .  .No f u r t h e r  depress ion of t h e  a l ready damaged h e a r t  was observed, 
/ 

- - - - -- -- - - - .  - -. - - 
. . . even a t  t h e  l e v e l  of extreme hypoxia . I f  these  l e v e l s  had been maintained 

f o r  longer  pe r iods ,  perhaps f u r t h e r  hernodynamic d e t e r i o r a t i o n  would have occurred.  
-4 - ----- --_ _- _ _  __ - _ . - - - -. . - - - - - - - - - - 



. - -  - - - -  -- - - - - - - -  - - -  - .  
6. PI 

~en 'x ic t r l a r -p$ena ture  .beats were observed i n  these an ina l s  irruned- -- 

. f a t e l y  a f t e r  coronary a r t e r y  l i g a t i o n  and during hypoxia. There was, 

however, no de t ec t ab l e  inc rease  i n  premature bea t s  during t h e  post - infarc t ion 

hypoxia challenges.  

'The impl ica t ions  r a i s ed  by t h i s  study mer i t  f u r t he r  comment, 

F i r s t ,  t h e  c i r cu l a to ry  response t o  the  s t r e s s  of hypoxia - . a f t e r  acu te  myo- 
- .  - - 

c a r d i a l  i n f a r c t b n  i s  q u a l i t a t i v e l y  s imi l a r  t o  t h a t  observed i n  the  same 
0 

anxmals before  i n f a r c t i o n .  Although considerable e f f o r t  was nade t o  main- 
L 

- t a i n  blood volume, hematocr i t ,  ven t i l a t i on ,  and blood - gases a t -  comparable - 

l e v e l s  f o r ' e ach  hypoxic challenge,  the  quan t i t a t i ve  response t o  comyarable 

l e v e l s  of hypoxia was less a f t e r  myocardial i n f a r c t i on .  This i nab i l i t y  
. - .' 

- o f  t h e  animals t o  compensate f o r  the  hypoxic s t r e s s  appears t o  be due t a  
_ _ . -_- - -  

.. . - - -  t h e  c i r cu l a to ry  -. damage produced by the  coronary a r t e r y  l i g a t i o n .  Secondly,  

- _  L 
t h e r e  appears t o  be  a graded c i rcu la to ry  response t o  various l e v e l s  of 

, . b - -* 
. a r t e r i a l  hypoxia. With mild t o  moderate hypoxia t he  hernodynamic changes 

. were l e s s  than those  occurring a t  t he  severe  o r  extreme l eve l s  of hypoxia, 

- - 
There was an almost stepwise response of cardiac  output, l e f t  ven t r i cu l a r  

- 

dp/dt ,  s t r o k e  volume and systemic va<cula r . res i s tance  t o  t he  progress ively  

more severe  l e v e l s  of hypoxia. When the  most severe  l eve l s  were reached, 

- -  - 
a r t e r i a l  p ressure  and l e f t  ven t r i cu l a r  end d i a s t o l i c  pressure increased,  

- - .- -- --.-- - - - -- .- -- . . - - - -  -- - -- P 

Thirdly,  although the  l e v e l s  of hypoxia were extreme, no f u r t h e r  deterior- 
-- 

a t i o n  of t h e  hemodynamics was no t i d  i n  the  hea r t  damaged by myocardial 
-. *. 

fn fa rc t ion .  

. It is no t  pos s ib l e  t o  ex t rapo la te  from these  s tud ies  t o  human % 

4 

myocardial i n f a r c t i on ,  bu t  s eve ra l  points  merit  f u r t he r  comment. Ira order  / 

- .- . .- - . .  - 

- t o  respond t o  hypoxia a number of compensatory mechanisms i n  t he  circulatonry 
...a. 
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system a r e  act ivated.  - I n  the presence of acute myocardial infarc t ion  

these compensatory mechanisms a re  l e s s  e f fec t ive  i n  responding to  the 

s t r e s s  of hypoxia. It is suggested, therefore, t ha t  hypoxia shocld be 

avoided a£ t e r  myocardial infarc t ion  when ever possible. The administration 

of orygen a f t e r  myocardial infarc t ion  may also produce ' c i r c u l a t o ~ ~  changes 

i n  pa t ien ts  (Foster, Casten, and Reeves, 1969), bust these changes appear  
" 

preferable. t o  tliase noted w i t h  hypoxia. 
4 - 
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TABLE 3 - ARTERIAL BLOOD GASES ' 

Pre-Myocardial I n£  a r c t i o n  Post-Myocardial I n£  a r c t i o n  

Control  Control  

All f i g u r e s  r ep re sen t  means * ' s t anda rd  e r r o r s  

n = number of s t u d i e s  '32 

A = values  ob ta ined  a t  > 70% a r t e r i a l  oxygen s a t u r a t i o n ,  b e f o r e  myocardial i n f  a r c t i o n  
B = values  obta ined a t  50-70% a r t e r i a l  oxygen s a t u r a t i o n ,  be fore  myocardial i n f a r c t i o n  
C = values  ob ta ined  a t  < 50% a r t e r i a l  oxygen s a t u r a t i o n  before  myocardial i n f a r c t i o n  
A 1  = values  obta ined a t  > 70% a r t e r i a l  oxygen s a t u r a t i o n ,  a f t e r  myocardial i n f a r c t i o n  
B1 = values  ob ta ined  a t  50-70% a r t e r i a l  oxygen s a t u r a t i o n ,  a f t e r  myocardial in2  a r c t i o n  
C 1  = va lues  ob ta ined  a t  < 50% a r t e r i a l  oxygen s a t u r a t i o n ,  a f t e r  myocardial in£ a r c t i o n  
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FHGUXIJ? I---- The r a t e  of change of l e f t  v e n t r i c u l a r  pressure 

(mean and s tandard  e r r o r )  during t h e  c o n t r o i  

pe r iod  and a t  t h r e e  l e v e l s  of decreased -- -. - - -.- -- --. -- - - -- -- - -- - 

a r t e r i a l  oxygen s a t u r a t i o n  before  and a f t e r  

myocardial i n f a r c t i o n  i s  shown, The s i g n i f i c a n c e  
.* 

of t h e  comparison o f '  t h e  pre-  and post-myocardial 

- . i n f a r c t i o n  d a t a  a t  each l e v e l  i s  shown by the P 
- 

. , ,, va lues  i n  t h e  f i gu re ,  

b 

V 

A = > 70% a r t e r i a l  oxygen s a t u r a t i o n  

B = 50 - 70% a r t e r i a l  oxygen s a t u r a t i o n  
d -- _ __ __ _- - -- 

C = < 50% a r t e r i a l  oxygen s a t u r a t i o n  
Q 

FIGURE: 2 - The changes i n  ca rd i ac  output,  expressed i n  

. 4  mean pe rcen t  change o f  a o r t i c  flow -F- s tandard  

error, a t  t h r e e  l e v e l s  of decreased a r t e r i a l  

oxygen s a t u r a t i o n  before  and af  t e r  inyocardial 
.L - -  . .. 

- -  e - i n f a r c t i o n  a r e  shoxm, -The s i gn i f i c ance  of t h e  

?. 'a . t? , co~npar ison of, t h e  pre- and post-myocardial 

i n f a r c t i o n  .data a t  each hypoxia l e v e l  i s  s h o . ~ ~ m  

by t h e  P va lues  i n  t h e  f i gu re .  

A = > 70% a r t e r i a l  oxygen s a t u r a t i o n  

B = 50 -, 7.0% a r - t e r i a l  oxygen s a t u r a t i o n  

C = < 50% a r t e r i a l  oxygen s a t u r a t i o n  
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