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In recent  yea r s  cardiac  surgeons have extensively used pharmacologic  cardioplegia as a method of p ro -  
tecting the myocardium during open hear t  operat ions.  However, it is not c lear  why so many different formulas  
for  a cardioplegic solution (CS) are  neces sa ry  - they number  more  than 50. Reports  of unsat isfactory resul ts  
obtained by the use of this method have also been published [5, 9-12]. What is the reason for  this var ie ty  of 
formulas  for  CS and for  differences of opinion on the method of cardioplegia i tself?  In our view one of the 
main reasons  is the absence of reliable and objective monitoring of the functional state of the pat ient ' s  hear t  
actually during the operation, of predict ing recovery  of its functions in the period of reperfusien,  and of e s -  
tablishing the prec i se  t imes when recovery  will begin. 

It was accordingly decided to develop one such method and to test  it under clinical conditions. The method 
was based ca the principle of dynamic recording  of res t ing tension (RT). During anoxia a state of energy de-  
f iciency develops, charac te r i zed  by disturbance of the ability of the mitochondria and sa rcop lasmic  ret iculum 
to retain Ca ++ ions [2]. In turn,  the appearance of Ca ++ in the sa rcop lasm is accompanied by a rapid response 
of the myofibr i ls ,  expressed  as an increase  in RT. 

E X P E R I M E N T A L  M E T H O D  

Experiments  were ca r r i ed  out on 40 ra t s '  and 12 dogs'  hear t s .  Fo r  the exper iments  on the ra t s '  hear ts  a 
special  apparatus enabling RT of the myocard ium in smal l  labora tory  animals to be recorded  was devised. Fo r  
this purpose the r a t ' s  hear t  was quickly removed and placed in physiological saline at 16-18~ The hear t  was 
fixed by the aor ta  and apex to crea te  a tension of 1-2 mm Hg and a value of RT, amplified 10 t imes ,  was led 
out to the r eco rde r .  A "Biomedica" (Italy) polygraph and KSP-12 ins t rument  were used as r e c o r d e r s .  To 
moni tor  the functional state of the p re se rved  hear t  the isotonic contract i l i ty of a s t r ip  of myocard ium was de- 
te rmined  with the aid of a s t ra in  gauge on an NEK-6 poiygraph (East Germany).  Fo r  work  with the dog 's  hear t ,  
s t ra in  gauge t ransducers  developed in the Labora to ry  of Organ Conservation (Head, Candidate of Medical Sci-  
ences N. A. Onishchenko) of the wr i t e r s '  Institute were used. Changes in the value of RT were judged f rom de-  
formation of a spring element mounted into the body of the t ransducer .  The amount of deformation,  direct ly  
proport ional  to the value of RT, was r ecorded  by means of the TsTM-5 digital s t ra in-gauge  bridge and an nIskra" 
digital analyzer .  The resul ts  were  subjected to s tat is t ical  analysis .  The clinical par t  of the investigation was 
conducted in the Depar tment  of Reconstruct ive  Surgery of Acquired Heart  Defects (Head, Dr.  IVied. Sci. M. L. 
Semenovskii) of the wr i t e r s '  Institute, on 11 patients undergoing operations for aor t ic ,  mit ra l ,  and t r icuspid  
valve replacement .  The hear t  was disconnected f rom the sys tems  of the genera l  circulat ion for  55-120 min. 

CS of the following composi t ion  was used: K + 28-30 raM, Na + 100-110 mM, Ca ~-  2.8-3.6 raM, Mg ~-~ 4-6 
mM, glucose 250-500 m g / 1 0 0  ml, osmolar i ty  300-330 mi l l i o smo le s / l i t e r ,  pH 7.5-7.55, pCO 2 30-40 mm Hg, 
pO 2 400-500 mm Hg. After  thoracotomy and per ica rd io tomy the s t ra in-gauge t r ansducer  descr ibed above was 
fixed to the an te r ior  wall of the r ight  ventr icle  along the muscle f ibers .  After res tora t ion  of cardiac activity 
the t r ansduce r  was removed.  
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Fig. i. RT of rat myocardium during period of cardio- 
plegia (i) and myocardial contractility after reoxygena- 
tion (2). 

Fig.  2. RT of dog's myoeard ium during per iod of ca rd io -  
plegia. 

E X P E R I M E N T A L  R E S U L T S  

In experiments  on the rat  hear t  the following ldaetics of RT of the myocard ium was obtained (Fig. 1). 
The value of RT rose  sharply in response to injection of CS into the coronary  sys tem.  After  1-2 min the hear t  
muscle relaxed and the curve recorded  flattened out on a long, isotonic plateau. Starting f rom the 60th-70th 
minutes of cardiac a r r e s t  an increase  in RT of the myoeardium,  smooth initially, but more  sudden later ,  was 
observed going beyond the high tonic plateau by the 90th and 100th minutes of anoxia. Myocardial  contract i l i ty 
at the same t ime fell sharply af ter  reoxygenation of the hear t  (Fig. 1). 

An identical RT curve (Fig. 2) was obtained f rom the dog's  hear t  during work; the only difference was 
that residual  tension was present  during the period of the isotonic plateau. 

The curve obtained f rom the human hear t  during work was s imi la r  to the kinetics of RT descr ibed above. 
A typical curve is given in Fig. 3. Since during operations on the human hear t  repeated injections of CS were 
given, the following react ions were noted: during reperfusion the level of RT ei ther  rose sharply,  s imi la r ly  
to the response of the myocardium to the f i r s t  injection of CS, or  it fell to the level of the isotonic plateau. 

The general  ldnetics of RT obtained in all cases  can be in terpreted as follows: in response to injection of 
CS with a high potass ium concentration into the coronary  circulat ion sudden depolarization of the cytoplasm of 
the eardiomyocyte  membranes  takes place.  This leads to outflow of Ca "H- f rom the depots into the sa rcop lasm 
[4], and this is accompanied by a sharp  increase  in RT. Subsequent relaxation of the myocardium,  ar is ing 1-2 
rain af ter  cardiac a r r e s t ,  is evidence of reabsorpt ion of Ca ++ into the depots or  into the ext race l lu lar  space.  
It is important  to note that Ca ++ reabsorpt ion is an energy- requ i r ing  process  [6], i.e.,  utilizing the already 
limited r e se rves  of energy-yielding subs t ra tes .  At the same t ime,  stopping the cardiac contract ions saves 
about 80% of the energy contained in the subst ra tes  [7]. Although a cer tain par t  of this energy is utilized during 
p r i m a r y  ionic redistr ibution,  it is sufficient to maintain the myoeard ium in the re laxed state for  a long time. 
This is the per iod of the isotonic plateau. During this period,  as Fig. 1 shows, myocardial  contract i l i ty r e -  
mained vir tually at its initial level. 

La te r  an inc rease  in RT was observed,  cenjectural ly due to the outflow of Ca ++ into the sa rcop lasm on ac-  
count of deficiency of the energy re sources  of the anoxic myocardium [2]. However, as resul ts  obtained with 
the model of a s t r ip  of myocardium show, these changes were  revers ible  (Fig. 1). 

The next stage in the dynamics of the myocardial  RT was the stage of formation of ischemie centracture  
of the heart ,  accompanied by a sudden reduction or  complete loss of cardiac function - i r revers ib le  changes. 

Unfortunately, we cannot yet  explain the causes of development of residual RT in experiments  on the dog's  
hear t  during the isotonic plateau stage.  This problem requ i res  fur ther  study, which will undoubtedly make its 
role c lear .  

As already noted, the dynamics of RT of the hear t  during operation, as  recorded  under clinical conditions, 
was identical with the resul ts  of the experimental  investigations (Fig. 3), which means that some idea may be 
obtained of the functional state of the patient 's  hear t  during the operation and considerable steps have been 
taken toward the development of a method of cardioplegia.  In par t icular ,  fur ther  infusions of CS can be given 
depending on individual indications and on the level of RT, for this problem has already been widely discussed 
in the literature [i, 3, 8]. 
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Fig. 3. RT of myocardium of patient N., a man aged 
45 years, during operation under carioplegia. I) 
First injection of CS. Broken line - response of 
myocardium to repeated injection of solution (If, III, 
IV) and reperfusien (V). 

At this s tage of the invest igat ion we were  not concerned with modifying the method of p r e s e r v i n g  the 
hear t ,  but s imply  with tes t ing a method of moni tor ing card iac  function and of keeping this p a r a m e t e r  under  
observa t ion  during s tandard  conduct of the operat ion.  As a r e su l t  the following impor tan t  shor tcomings  of the 
card ioplegia  method were  identified. The r epea ted  washings out of the coronary  c i rcula t ion with CS has both 
favorable  and e x t r e m e l y  undesi rable  r e su l t s .  In pa r t i cu l a r ,  if the per iod of re infusion coincides with the i so -  
tonic pla teau s tage,  this will be accompanied  by repea ted  outflow of Ca ++ into the s a r c o p l a s m  and cons iderable  
ene rgy  expendi ture  by the hea r t  will be requ i red  fo r  its r eabsorp t ion  (Fig. 3, the per iod  between 25 and 40 rain), 
which may  be e x t r e m e l y  ha rmfu l  to the anoxic m y o c a r d i u m  and evidently a c c e l e r a t e s  the p roce s s  of develop-  
ment  of i schemic  con t rac tu re .  

Meanwhile,  c a r ry ing  out r epea ted  infusions during the pe r iod  of an i nc rea se  in RT (Fig. 3, per iods  be -  
tween 65 and 80 and between 90 and 100 rain) c r ea t e s  ve ry  favorab le  conditions for  the hea r t  during operat ion,  
supplying the m y o c a r d i u m  with oxygen and, by act ivat ing p r o c e s s e s  of oxidative phosphorylat ion,  ensur ing suf -  
f icient  ene rgy  fo rmat ion  fo r  removing  the excess  of ca lc ium ions f r o m  the cy toplasm,  and so  prevent ing  the 
ea r ly  development  of i schemic  con t rac tu re .  

It mus t  be pointed out that  the use of r epea t ed  infusions s imply  to mainta in  the t e m p e r a t u r e  r eg ime  of the 
hea r t  during opera t ion is e x t r e m e l y  undes i rab le ,  f o r  the p ro tec t ive  effect  of hypothermia  cannot comple te ly  
compensa te  the ha rmfu l  effect  of r epea ted  ionic red i s t r ibu t ion  caused by these  infusions.  In this s i tuat ion it is 
be t t e r  to use su r face  or  i n t r aven t r i cu l a r  i r r iga t ion  of the hear t .  

Special  at tention is d i rec ted  to the fac t  that  moni tor ing the t e m p e r a t u r e  of the a r r e s t e d  hea r t  is ex t r eme ly  
es sen t i a l  for  the maintenance of its t e m p e r a t u r e  r e g i m e .  But this cannot be the sole c r i t e r ion  for  de termining 
the t imes  of re infus ions ,  fo r  it does not r e f l ec t  the s ta te  of card iac  function, and can only give a somewhat  r e -  
mote  idea of the intensi ty of metabol ic  p r o c e s s e s  taking place in the myoca rd ium.  

The method of r ecord ing  RT of the noncontract ing hea r t  thus enables  its function to be a s s e s s e d  objec-  
t ively,  r e s to ra t i on  of its function a f t e r  reoxygenat ion to  be pred ic ted ,  and the need f o r  additional infusions of CS 
and the t imes  of these  infusions during the operat ion to be de te rmined .  Fu r the r  r e s e a r c h  in this d i rect ion will 
lead to i m p r o v e m e n t s  in the technique of conduct of cardioplegic  p ro tec t ion  of the myoca rd ium.  
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