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A special analog computer  was used for corre la t ion  analysis  of e l ec t romyograms  recorded  
f rom the external intercostal  muscles .  The resul t s  indicate a special (synchronized) sys tem 
of operation of the motor  units of the r e sp i r a to ry  musc les  which differs f rom the p rog ram of 
operation of other skeletal muscles .  

Although c lass ica l  mathemat ical  analysis  has  demonstra ted the i r regu la r i ty  of most  physiological 
p rocesses ,  some of their  s tat is t ical  proper t ies  are  never theless  stable in t ime, as can be shown, in pa r -  
t icular ,  by corre la t ion  analysis .  In the field of medicine this method was f i rs t  used at the beginning of the 
1950s to analyze encephalograms [4]. It was shown in 1963 that if e l ec t romyograms  (EMGs) are  recorded  
f rom two symmet r ica l  muscles  of opposite l imbs, the cor re la t ion  function is vir tually zero [2]. 

Because of the unique charac te r  of the supraspinal  innervation of the in tercosta l  musc les  and pre-  
l iminary  findings regard ing  their  e lec t r ica l  activity [3], it was decided to make a systematic  cor re la t ion  
analysis  of the EMGs of the r e sp i r a to ry  muscles .  

Interference EMGs were  r ecorded  f rom the external intercostal  musc les  in man using bipolar sur-  
face e lec t rodes  measur ing  12 • 6 cm, located 20 into apart .  The skin was f i rs t  t rea ted  with alcohol and 
ether,  the e lec t rodes  were  then fixed to it with adhesive plaster ,  and secured in position by a f i rm rubber  
belt. The e lec t rodes  were  coated with a special e lectrolyt ic  paste to ensure  reliable e lec t r ica l  contact 
between them and the skin. Two EMGs were  r eco rded  simultaneously,  ei ther  in the 6th and 8th intercostal  
spaces on the right side or  in the 8th intercostal  spaces on the r ight and left sides. Healthy young subjects 
aged f rom 17 to 30 yea r s  were used for  the tests .  

Muscle action potentials were  amplified by a "Disa" e lec t romyograph and recorded  simultaneously 
on photographic paper and, by means of a two-channel tape r eco rde r ,  on magnetic tape. By the use of the 
tape r e c o r d e r  the data could be fed into a co r r e lome te r  without the need for conversion in any form. Elec-  
t r i ca l  activity of the musc les  r ecorded  f rom healthy subjects during quiet breathing is low, and when it is 
r ecorded  the e lect r ical  activity of the hear t  is superposed on it and must  be excluded for computer  analysis  
of the data. A special device was therefore  used which would stop the recording of the EMG tempora r i ly  
during the QRS complex of the ECG. The recording  was made 0nly during inspiration, and discontinued 
during expiration. 

After the record ing  had been made on magnetic tape, the tape was joined into a r ing and reproduced 
repeatedly to obtain values of the cor re la t ion  function for different values of the delay t ime T. The c o r r e l -  
ation functions were  calculated on a co r r e lome te r  designed by the All-Union Research  Institute of Medical 
Instrumentat ion [1]. The following formula  was used for the analysis :  

1 W 
R (~) = -W- .t fl (t).f~ (t -- ~) dr, 

0 

wheref j ( t )  and f2(t) are  the recorded  EMGs. The integration t ime T was 20 or 30 sec. 
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Fig. 1. Coefficients of c ross-cor re la t ion  dur ing record-  
ing f rom r ight  side of chest (A) and f rom both sides (]3) : 
1) during quiet breathing; 2) during inhalation of mixture  
of a i r  with 5-6% C02; 3) during voluntary forced  breathing; 
4) during breathing with res i s t ance  to inspirat ion.  

Z fz-) 

2 t 
-0,2- 

Fig. 2. Cross-correlation functions of EMGs of intercostal 
muscles in 6th and 8th intercostal spaces on the right side 
of the chest during quiet breathing (i), breathing with resis- 
tance to inspiration (2), voluntary hyperventilation (3), and 
inhalation of a mix ture  of a i r  with 6% CO 2 (4). 

Besides the tests during quiet breathing, recordings were also made during three types of forced 
breathing: i) breathing a mixture of air with 5-6% carbon dioxide; 2) voluntary forced breathing; 3) 

breathing with resistance to inspiration. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The correlation functions obtained in 187 tests can be represented as the products of a cosine curve 
and an exponential with various decay times. The maximum value of the cross-correlation function (the 
coefficient of cross-correlation R) reflects the degree of association between the processes studied, while 
the shift of the maximum along the I" = O axis shows the time by which one process is delayed relative to 
the other. 

It is clear from Fig. i, which shows the values of R obtained in different tests, that R is quite high. 
For readings from the right side of the chest, R = 0.72 during quiet breathing, rising to 1.00 sometimes 
during tests with forced breathing (Fig. IA). In recordings from both sides the value of R was slightly 
lower (0.64 during quiet breathing and 0.76 during forced breathing; Fig. IB). Typical correlogram curves 
obtained in different tests are shown in Fig. 2. 
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TABLE 1. Mean Values of Coefficients of C r o s s - C o r r e l a -  
tion in Different Types of Investigations (M'm)  

- Recording from both Recording from one 

sides of chest 
Conditions of test 

Quiet breathing 

Voluntary hyperventilation 
Inhalation of mixture 

of air with 5- 6% CO 2 
Resistance to inspiration 

number 
of tests R 

16 0,21• 

35 0,33_+0,02 

25 0,35__.0,02 
18 0,32___0,03 

side of che~t 

number 
of tests 

13 

37 

32 
II 

0,46__0,05 

0,52_+0,04 

0,58+_0,04 
0,51~0,09 

It follows f rom the resu l t s  in Table 1 that marked corre la t ion  exists between the EMGs of the inter-  
costal  muscles .  The coefficients of c r o s s - c o r r e l a t i o n  were  significantly higher  (P0 < 0.01) with record ings  
f rom one side of the chest  than in those f rom both sides. The maximum values of the c r o s s - c o r r e l a t i o n  
functions were  observed when T = 0, and lower values were  obtained even with small values of ~. 

The presence  of high coefficients of c r o s s - c o r r e l a t i o n  for the work of the intercostal  musc les  is evi-  
dence of the high level of synchronization of activity of the var ious  motor  units composing these muscles .  
Synchronization of musc les  of one side was more  marked than synchronization of musc les  on different sides 
of the chest .  In every  case synchronizat ion of the e lec t r ica l  activity of the different motor  units took place 
without a t ime shift. 

It will be recal led  that in P e r s o n ' s  investigations on the limb musc les  [2], no synchronization was 
observed.  In the present  investigations, resu l t s  indicating a unique pat tern of work of the r e s p i r a t o r y  muss 
cles  were  thus obtained. 

Such striking differences called for additional control  tes t s  to rule out any possible ar tefac ts .  

The use of a device to stop the recording  of the EMG temporar i ly  during waves of the ECG could in- 
t roduce ar tefac ts  due to the presence  of a nonzero R. This is because both channels are  disconnected si- 
multaneously,  and in the event of t ransi t ional  p rocesses ,  the cor re la t ion  of these p r o c e s s e s  as they ac- 
cumulate on the myogram will be recorded.  

P e r s o n ' s  investigations on the biceps brachi i  muscle  [2] were repeated,  but the record ing  was stopped 
in expiration and also during waves of the ECG, just as in the principal experiments .  The c r o s s - c o r r e l a -  
tion functions obtained did not deviate f rom the zero  line by more  than the permiss ib le  e r r o r  of the instru-  
ments  used. The disconnecting device was thus not the source of in terference which could have changed 
the type of corre la t ion  function. 

If a pair  of electrode s is placed close together,  e lec t r ica l  activity f rom the same motor  units can be induced 
in them, and thi s will sub sequently give high value s of R. To te st the effect of this factor  in the pre sent inve stiga- 
t ions, a corre la t ion  analysis  was made of potentials generated during voluntary contract ion of the pec tora-  
lis major  muscles .  These musc les  were chosen because,  like the intercostal  muscles ,  they are  situated 
on both sides of the chest  and at about the same distance f rom the hear t .  During the investigation, as  in 
all other cases ,  the recording  was discontinued during the ECG waves and during expiration. The values 
of the c r o s s - c o r r e l a t i o n  functions obtained in these t es t s  were  vir tual ly equal to zero.  

These control experiments  indicate that when the EMG of the r e sp i r a to ry  muscles  was r ecorded  by 
this par t icular  technique, no instrumental  in terference distort ing the resu l t s  of the test  was introduced. 

The values obtained for the c r o s s - c o r r e l a t i o n  functions of the ex terna l  intercostal  muscles  differed 
f rom values obtained for  the limb musc les  and indicate a high level of synchronizat ion of the activity of 
their  motor  units. 
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