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The dynamics  of the venti lat ion and composi t ion of the a lveolar  a i r  and blood gase s  during 
re sp i ra t ion  were  invest igated in ten heal thy men with no rma l  and inc reased  (by up to 20 
cm w a t e r / l i t e r / s e c )  r e s i s t a n c e .  During the tes t s ,  the subjects  b rea thed  e i the r  a i r  or  a 
hypoxic, hypercapnic ,  or  combined hypoxic and hypercapnic  gas mix tu re .  Additional r e -  
s i s tance  was found to inhibit the vent i la tory  response  to the c h e m o r e c e p t o r  s t imulus .  The 
g r e a t e r  the vent i la tory  response ,  the more  marked  the inhibition. This rule  is r ega rded  as 
the r e su l t  of in teract ion between c h e m o r e c e p t o r  and mechanorecep to r  a f ferent  s t imul i .  
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The pulmonary  venti lat ion is regula ted  by impulses  reaching the r e s p i r a t o r y  cen te r  v ia  di f ferent  af-  
fe ren t  s y s t e m s .  Stimuli a r r iv ing  f r o m  c h e m o r e c e p t o r s  de te rmine  the genera l  level  of ventilation to c o r -  
respond to the intensi ty of the gas exchange of the body. Afferent  impulses  f rom p rop r iocep to r s  of the 
r e s p i r a t o r y  musc les  and mechano recep to r s  of the lungs and ches t  wall  ensure  that  the ene rgy  production 
matches  the needs of the r e s p i r a t o r y  act.  

The object  of this investigation was to study r e sponses  of the pu lmonary  venti lat ion in man a r i s ing  
during interact ion between inc reased  c h e m o r e c e p t o r  s t imulat ion and an inc reased  load on the r e s p i r a t o r y  
s y s t e m .  Interact ion of this so r t  was produced by the addition of additional r e s i s t ance  to r e sp i r a t i on  while 
the subjects  inhaled gas mix tu res  with different  par t i a l  p r e s s u r e s  of O 2 and CO 2. 

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

Expe r imen t s  were  c a r r i e d  out on ten heal thy young men wear ing  a m a s k  fitted with a s e r i e s  of tubes 
to supply the requ i red  mix tu res  for  inhalation and to r e c o r d  ventilation [7]. During the e x p e r i m e n t  the 
person  r ema ined  sea ted  and inhaled through the mask  e i the r  a i r  or  one of the following mix tu res :  hypoxic 
(13.5% O 2 in N2), hypercapnic  (4% CO 2 in air) ,  and hypoxie + hypercapnic  (13.5% 02 + 4% CO 2 in N2). The 
expe r imen t s  with inhalation of a pa r t i cu l a r  gas  mixture  were  repea ted  with each  subject  at  l eas t  th ree  
t imes .  The additional r e s i s t ance  to r e sp i r a t ion  (amounting to 20 c m  w a t e r / l i t e r / s e c )  was c r ea t ed  by 
means  of a d iaphragm with a 5 - m m  ape r tu re .  This r e s i s t ance  was applied s imul taneous ly  at inspi ra t ion 
and expi ra t ion  b y  means  of an e l ec t romagne t i c  valve 10 min af ter  the beginning of the exper imen t .  The 
duration of r e sp i r a t ion  with the inc reased  load was 30 min.  In the course  of the exper iment ,  both the pul-  
monary  venti lat ion and the p a r a m e t e r s  of the composi t ion of the a lveo la r  a i r  and blood gases  were  r eco rded  
[7]. The work  of inspirat ion,  used to ove rcome  the ex te rna l  r e s i s t ance ,  was ca lcula ted  f r o m  the i n sp i r a -  
tion loop. This was plotted f r o m  the sp i rographic  r e c o r d  of the values  of the r e s p i r a t o r y  volume and the 
manomet r i c  r e c o r d  of f luctuations of the p r e s s u r e  inside the m a s k  in the course  of the r e s p i r a t o r y  cyc le .  

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

An inc rease  in the nonelast ic  r e s i s t ance  is cons idered  to be accompanied  by an i nc rea se  in the depth 
and dec rease  in the ra te  of r e sp i ra t ion  [5, 8, 19]. This change in the conditions is advantageous f rom the 
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Fig.  1. Change in venti lat ion during appl i -  
cat ion (a r row pointing downward) and r e -  
mova l  (a r row pointing upward) of addit ion- 
al r e s i s t a n c e  during inhalation of a i r  (A) 
or  hypoxic (B), hypercapnic  (C), and corn-  
blued hypoxic and hypercapnic  (D) m i x -  
t u r e s .  Absc i s sa ,  t ime  (in min);  ordinate ,  
minute volume of r e s p i r a t i o n  (in l i t e r s ) .  
Values of M �9 m shown. 
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Fig.  2. Change in a lveo la r  pCO 2 (in m m  
Hg) during addit,ional r e s i s t a n c e  to r e s p i r a -  
t ion.  Ordinate,  (in m m  Hg). Re -  
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ma inde r  of legend as in Fig .  1. 
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Fig .  3. E f fec t  of additional r e s i s t a n c e  (arrow) on inhalation of hypercapnic  m i x -  
tu re :  A) f i r s t  applicat ion;  B) during a subsequent  applicat ion of the r e s i s t a n c e  to 
the s a m e  subject ;  I) s p i r o g r a m ;  II) r e c o r d  of f luctuations of p r e s s u r e  inside the 
m a s k .  

point of view of expendi ture  of ene rgy  for  the work  of the r e s p i r a t o r y  musc l e s  [5, 19]. In the p r e sen t  ex -  
p e r i m e n t s ,  when the subjec ts  inhaled a i r ,  introduction of the additional r e s i s t a n c e  caused  a slowing of the 
r a t e  but p r ac t i c a l l y  no change in the depth of r e sp i r a t i on .  

As a resu l t ,  s l ight  a lveo la r  hypoventi la t ion developed: the a lveo la r  pa r t i a l  CO 2 p r e s s u r e  P A c e  2 

rose  (P < 0.005), but without any apprec iab le  changes in the level  of blood oxygenation.  Remova l  of  the 
additional r e s i s t a n c e ,  on the other  hand, led to m a r k e d  hypervent i la t ion  which continued for  s e v e r a l  minutes  
(Figs .  1A and 2A). 

The level  of vent i la t ion at tained during the additional r e s i s t a n c e  go r e sp i r a t i on  was evident ly  the r e -  
sul tant  of the i n c r e a s e d  load on the r e s p i r a t o r y  musc l e s  [8] and i n c r e a s e d  act ivi ty  of the r e s p i r a t o r y  cen -  
t e r  [3] . ,  

Under  these condit ions the source  of the inc reased  act ivi ty  of the r e s p i r a t o r y  cen te r  can be a s sumed  
to be s t imula t ion  of the pu lmonary  m e c h a n o r e c e p t o r s  of the vagus ne rve  [4, 12]. Some w o r k e r s  at tach 
definite impor tance  in the percep t ion  of r e s i s t a n c e  to r e s p i r a t i o n  to the r e c e p t o r s  of the chest  wal l  [17]. 
Others  [18], on the o ther  hand, do not conf i rm this view. More r ecen t ly  inc reas ing  impor tance  has been a t -  
tached to the r e c e p t o r  function of the musc le  spindles of the In te rcos ta l  musc l e s  [13, 15]. 

On applicat ion of the inc reased  r e s i s t a n c e  during inhalation of the hypoxic mixture  the changes In 
vent i la t ion and In P A c e  2 were  analogous (Figs .  1B and 2B). The blood oxygenation during inhalation of the 

hypoxic mix ture  fel l  to 84-86~c and was not s ignif icant ly  changed by the addit ional r e s i s t a n c e .  

Additional r e s i s t a n c e  during inhalation of the hypercapnic  mix ture  led to a much g r e a f e r  dec rea se  
in vent i la t ion (P < 0.001), e spec i a l l y  during the f i r s t  minutes  of action of the r e s i s t a n c e .  Under these 
c i r c u m s t a n c e s  the value of P A c e  2 i n c r e a s e d  s ignif icant ly  (P < 0.005; F igs .  1C and 2C). 
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An equally marked inhibition of ventilation (P < 0.001) was observed when the additional resistance 
was applied during inhalation of the combined hypoxic-hypercapnic mixture, i.e., during intensive action of 
both chemoreceptor stimuli. Here also the additional resistance to respirat ion led to an increase in 
PAco2 (P < 0.005), but it did not change the oxygenation level of the blood. Removal of the resistance dur- 

ing hypercapnia (and also hypercapnia combined with hypoxia) was followed by a marked increase in ventila- 
tion (Figs. 1D and 2D). 

Consequently, the inhibitory effect of the additional resistance on pulmonary ventilation against the 
background of hypercapnia was grea ter  than during the inhalation of air .  Meanwhile hypoxia combined with 
hypercapnia did not change the respi ra tory  response to mechanical loading. This could be explained by the 
relatively minor role of the hypoxic stimulus in the regulation of respiration compared with the hypercapnic 
stimulus [1]. Differences in the original volumes of ventilation during the inhalation of the various mix- 
tures can be seen in Fig. 1. 

The higher the level of ventilation under the influence of chemoreceptor stimulation, the greater  the 
effect of the additional resistance to respiration.  This was evidently due to some extent to an increase in 
the work of the respi ra tory  muscles during hyperventilation. Under hypercapnic conditions the work of in- 
spiration is a l inear function of [16]. The decrease in bronchisl pater, cy arising under the influence 

PAco 2 
of CO 2 must also be taken into account [20]. The resistance applied in the present investigation increased 
the external work of inspiration by about twice {P < 0.001}, but if the additional resistance was combined 
with hypercapnia the work was increased by four t imes.  

The wri ters  previously showed [6] that the sensitivity of ventilation to hypercapnia under the influ- 
ence of additional resistance to respiration is reduced in direct proportion to its initial level. The pulmon- 
ary ventilation under those conditions is a product of two factors, activity of the respi ra tory  center  and the 
mechanical load on the resp i ra tory  system. These factors act in opposite directions. It will be clear that 
the effect of additional resistance on the volume of the pulmonary ventilation must increase with an increase 
in the lat ter .  

The pattern of respiration selected by man when exposed to a combination of hypercapnia and in- 
creased resistance can be assumed to be a compromise between the need to increase the work of the 
ventilatory system considerably and the requirements of homeostasis: the relative hypoventilation permits 
a solution with the minimal possible energy expenditure [14]. However, this optimization of the respi ra tory  
act could hardly be achieved purely mechanically. The respi ra tory  center probably integrates information 
arriving through the various afferent systems and leading to the formation of an adequate control signal [9]. 
Suprabulbar mechanisms, by means of which the system controlling respiration is capable of self-training 
[2], also participate in the responses to these stimuli. In the present experiments the f i rs t  application of 
the resistance was usually accompanied by a decrease in the volume of the f irs t  inspiration against r e -  
sistance, in agreement with data in the l i terature [10]. Subsequent applications of the same resistance not 
only did not induce such an action, but they frequently led to deepening of the f i rs t  inspiration (Fig. 3). 
Judging from their verbal  repor ts ,  the subjects usually felt the resistance,  especially during the f i rs t  few 
minutes after its application. This ~as probably due to the impulses from the muscle proprioceptors men- 
tioned above. Some workers  [11] ascribe great  importance to this "awareness" in the regulation of r e sp i ra -  
tion in man during exposure to increased loads. 

Responses of human ventilation to the combined e f fec tof  added resistance to respiration and changes 
in the partial  pressures  of the resp i ra tory  gases are thus the result ,  first ,  of the increased load on the 
respi ra tory  muscle and second, interaction between afferent stimuli of different modalities directed to the 
respi ra tory  center in conjunction with the mechanisms of cort ical  control of respirat ion.  
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