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Disturbance of the conditions of gas mixing in the lungs is the main cause of hypoxemia in various s t r e ss  
situations under normal  and pathological conditions. In order  to detect the early fo rms  of inequality of gas 
mixing in the lungs, a test  has recent ly  been introduced which is based on recording  the nitrogen concentration 
and the volume of expired air  af ter  deep inhalation of oxygen [1, 2, 6-8]. Most attention has been paid to the 
final phase of expiration, with an appreciable r ise  in the nitrogen concentration. However, not only the last  
phase of the nitrogen washout eurve (NWC) is interesting, but also all its other phases.  

The object of this investigation was to compare the par t icular  features  of all phases of the NWC during 
deep expiration in normal  persons  and under various conditions of gas mixing in the lungs. 

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

The NWC was recorded  by means of an "azotograph" (from the Medfizpribor  Special Design and Engineering 
Bureau) and the "gasograph" at tachment to it [3]. The gasograph was used to record  curves  with the nitrogen 
concentrat ion plotted along the ordinate and the volume of expired air  (V) along the abscissa .  During inspiration 
the gasograph tape is stationary; during expiration it moved through a distance proportionaI to the expired volume. 

The experimental  p rocedure  was as follows: The sitting subject breathes  through a mouthpiece and value 
unit. After  two or three p re l iminary  slow deep inhalations of room air  and expirations up to the point of in- 
voluntory rejection,  the subject was connected to the sys tem by turning a spigot, af ter  which he inhaled pure 
oxygen deeply f rom the mois t  oxygen suppIy unit, then breathed out to the limit into the gasograph.  The test  
inspirat ions and expirat ions were as deep, slow, and quiet as possible;  the rate of expiration must  not exceed 
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Fig. 1. NWC for healthy subjects.  I) Subject 
K., aged 35 yea rs ;  II) subject Sh.,aged 65 years .  
Vert ical  a x i s -  nitrogen concentration (in %); 
horizontal  axis, volume of expired gas (in ml). 
Points indicated on curves:  A) end of phase I; 
B) end of phase II; C) end of phase III; D) end 
of phase IV. Broken lines (zero and tangent) 
drawn to locate  these points. 
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T A B L E  1. V o l u m e  of P h a s e s  of NWC and N i t r o g e n  G r a d i e n t s  

Groups of subjects 

Healthy 

Patients with heart diseases 

patients with lung diseases 

Statisti - 
cal 
Index 

M 

t t  

M 

n 

M 

r t  

Relative volume of phases, in % of VC 

I - DSP II - MP I I I -  AP IV - LCV 

12,9 
(19,2--9,8) 

7 
ll,4 

(30,2--5,1) 
15 
9,5 

(20, I--3,7) 
32 

66,8 
(78,7--59,4) 

7 
73,6 

(88,3--44,6) 
15 

72,4 
(93,2--27,3) 

32 

11,8 
(21,5--5,8) 

7 
7,1 

(26,1--0) 
15 

9,9 
(42,4--0) 

32 

LCV AV2/lOOml AV2/100ml 
phase III i phase IV 

8,5 
04,2--4,3) 

7 
7,9 

25,2--2,2) 
15 
8,2 

(17,6--2,4) 
32 

6,85 
(10--6) 

7 
I 0 , 9 0  

(26--7) 
15 

14,53 
(39--6) 

32 

11,8 

7 
21,2 

5 
16,6 

19 

5,57 
(13--3) 

7 
2,o 

5 
6,73 

19 

L e g e n d .  L i m i t s  of v a r i a t i o n s  shown in p a r e n t h e s e s .  AV2/100 ml)  N i t r o g e n  c o n c e n t r a t i o n  
g r a d i e n t ,  in  %, p e r  100 m l  e x p i r e d  a i r  in  p h a s e s  III  and IV 

T A B L E  2. 

Phase 

I -DSP 
II - MP 
III -AP 
IV - LCV 

P h a s e s  of NWC (in % of VC) 

7,6 
16,8 
60,0 
15,6 

Healthy 

Difference 
B B - A  

5,0 [ --2,6 
17,5 +0,7 
64,5 +4,5 
13,0 --2,6 

Patients 

A 

9,9 
14,9 
67,1 
8,1 

Difference 
B B--A 

5,1 I --4,8 17,5 +2,6 
68,8 +1,7 
8,6 +0,5 

L e g e n d .  A) Wi thou t  b r e a t h  ho ld ing  in i n s p i r a t i o n ,  B) a f t e r  b r e a t h  
ho ld ing  f o r  10 s e c  at  i n s p i r a t i o n  
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F i g .  2. NWC d u r i n g  d i s t u r b a n c e s  of gas  m i x i n g  

in the lungs .  I) P a t i e n t  Kh.,  aged  45 y e a r s ;  
II) pa t i en t  P . ,  aged  42 y e a r s .  R e m a i n d e r  of 
l egend  as  in F i g .  1. 

0.5 l i t e r / s e c  [8]. A f t e r  a s h o r t  r e s t  the  i n v e s t i g a t i o n  was  r e p e a t e d .  As  a s p e c i a l  t e s t ,  12 s u b j e c t s  had to hold 

t h e i r  b r e a t h  fo r  10 s e c  a t  the  he igh t  of i n s p i r a t i o n .  

The  t o t a l  n u m b e r  of s u b j e c t s  was  54: s e v e n  hea l thy  p e r s o n s  ( th ree  men  and fou r  women)  aged  f r o m  20 to 
65 y e a r s  and 47 p e r s o n s  wi th  v a r i o u s  d i s t u r b a n c e s  of the c ond i t i ons  of gas  m i x i n g  in the lungs .  

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

The  NWC was  d iv ided  into fou r  p r i n c i p a l  p h a s e s :  I) the dead  space  phase  (DSP); II) the  m i x e d  phase  (MP),  
when n i t r o g e n  c o m e  s p a r t l y  f r o m  the  t e r m i n a l  p a r t  of the  dead  s p a c e  and  p a r t l y  f r o m  the a lve  ol i ;  III) the  a l v e o l a r  p h a s e  
(AP) ,  i . e . ,  a s low r i s e  of the n i t r o g e n  c o n c e n t r a t i o n  o r  p la teau ;  IV) the phase  of the f ina l ,  s t e e p e r  r i s e  in the  o x y -  
gen c o n c e n t r a t i o n .  The beg inn ing  of th i s  p h a s e  in hea l thy  s u b j e c t s  o c c u r s  a t  the t i m e  when the i n t r a t h o r a c i c  

862 



p r e s s u r e  is higher  than the p r e s s u r e  in the s m a l l  b ronch io les ,  so that some of the lung zones ,  e spec i a l l y  the 
lower  zones,  a r e  d o s e d  [2]. The volume of exp i red  a i r  f rom the beginning of c lo su re  until the l imi t  of the to ta l  
capaci ty  of the lungs,  i .e , ,  the volume of phase IV, has been ca l led  the lung c los ing  volume (LCV). 

Cer ta in  d i f f icul t ies  a r i s e  when each of these  phases  is d is t inguished on the smooth curve .  The phase vol-  

umes ca lcula ted  f rom the NWC by two inves t iga to r s  d i f fe red  by 3-8%; the g r e a t e s t  d i f f e rences  applied to phases  
II and IV. F o r  a m o r e  def ini te  ca lcula t ion  of the volume of each  of the phases ,  i t  is sugges ted  that s t r a igh t  l ines 
be drawn: a ze ro  line and the tangent to the a lveo la r  p la teau,  as shown in F i g s .  1 and 2. By the use of this meth-  
od the d i f f e rences  in the dead-off  values were  cons ide rab ly  reduced.  

The mean volumes of DSP and LCV obtained for heal thy subjec t s  ag reed  with those given in the l i t e r a t u r e .  
F o r  ins tance ,  when the v i ta l  capac i ty  (VC) of the lungs was 3000 ml,  the volume of DSP was 250 ml ,  of MP and 
A P together  2390 ml,  and of LCV 360 ml .  The i n c r e a s e  in n i t rogen  concent ra t ion  in AP in heal thy sub jec t s  a v e r -  
aged 6.8%; in phase IV it rose  s tepwise  or  with a s lope of more  than 45 ~ (Fig.  1). The r e l a t ive  values of the 
phases  of NWC are  given in Tables  1 and 2 as pe r cen t ages  of VC, taken as 100To. The s c a t t e r  of the values of 
the s e p a r a t e  phases  f rom maximum to min imum in the healthy subjec ts  can be explained by d i f fe rences  in the i r  
age. In e l de r l y  pe r sons  the LCV f rac t ion  is known to i n c r e a s e .  The fact  that  in three  subjec t s  over  50 y e a r s  of 
age LCV accounted for  more  than 15% of VC, whereas  in young subjec ts  it was much l e s s ,  is t he re fo re  cons i s -  
tent  with this  ru le .  The h ighes t  value was obtained in subjec t  Sh., aged 65 y e a r s  (Fig.  1). The i n c r e a s e  in the 
LCV f rac t ion  took place chief ly on account of a d e c r e a s e  in the volume of AP.  

A group of pat ients  with acqui red  hea r t  defec ts ,  in whom the compl iance  of the lung t i ssue  was sha rp ly  
reduced  because  of s t a s i s  in the pu lmonary  c i rcu la t ion ,  and a group of pat ients  with lung d i s e a s e s ,  who had local  
d i s tu rbances  of vent i la t ion beeause  of an in f l ammato ry  focus (b roneh iee tases ,  a b s c e s s e s ,  e tc . ) ,  were  inves t i -  
gated as models  changing the condit ions of gas mixing in the lungs.  An e xpe r i m e n t  with b rea th  holding for  10 
sec  at  the height of insp i ra t ion ,  i nc rea s ing  the t ime for  gas mixing in the lungs through diffusion,  s e rved  as the 
th i rd  model .  

In pat ients  with ca rd i ac  defects  the volumes of the phases  of NWC ( rep resen ted  by mean values)  did not 
apparen t ly  d i f fer  ve ry  g rea t ly  f rom normal  (Table 1). However,  the s c a t t e r  between maximum and min imum in 
a l l  phases  was cons ide rab ly  wider  than in healthy sub jec t s .  In ca ses  when VC was sha rp ly  reduced ,  DSP was 
r e l a t i v e l y  i n c r e a s e d  and A P  reduced .  In mos t  ea se s  the p la teau in A P  was w e l l - m a r ke d ;  the i n c r e a s e  in the 
ni t rogen concent ra t ion  under these  c i r c u m s t a n c e s  was ac tua l ly  s m a l l e r  than in the healthy subjec t s  (a few pa- 
t ients  were  except ions) .  Specia l  at tention was paid to phase IV: It was d i s c ove r e d  in only five of 15 pat ients  
with h e a r t  de fec t s ,  but was twice the no rma l  value (700 ml ,  or  21.2~ of VC). The i n c r e a s e  in the ni t rogen con- 
cea t r a t i on  in phase 1u in these  five pa t ien ts  was below normal  (only 2%). In the p re sence  of a diffuse d e c r e a s e  
in the compl iance  of the lung t i s sue  due to s t a s i s  in the lungs,  gas mixing was thus uniform. 

Cons ide rab le  changes in the shape of NWC dur ing deep expi ra t ion  were  obse rved  in pa t ien ts  with lung d i s -  
e a s e s .  The bas ic  changes were  connected with the c h a r a c t e r  of the i nc rea se  in the ni t rogen concent ra t ion  in 
phases  III and IV. Two types of NWC could be d is t inguished:  1) a continuous and la rge  i n c r e a s e  in the ni t rogen 
concent ra t ion  f rom the beginning to the end of A P  (Fig.  2); in this  ease  phase IV as a ru le  was absent  and LCV 
could not be de te rmined ;  2) A P  had two or  three  a r e a s  with d i f fe ren t  r a t e s  of r i s e  of the ni t rogen concentra t ion;  
a phase IV could be convent ional ly  d i s t inguished  at the end of such a curve .  In 13 of 32 pat ients  of this group 
phase IV was absent  and in the other  19 it was much l a r g e r  than normal ,  amounting on a ve r a ge  to 16.6% of VC. 

With a l a rge  i nc rea se  in the ni t rogen concent ra t ion  in AP ,  it can tenta t ive ly  be sugges ted ,  there  was thus 
a wide s c a t t e r  of the r eg iona l  r a t i o s  of AV/V: f rom high to very  low levels  of vent i la t ion.  With a s teady  r i s e  in 
the ni t rogen concent ra t ion  in phase III there  was probably  a continuous change in ~ V / V ,  whereas  in the ease  of 
an NWC with s e v e r a l  angles  of slope of phase III the d i s t r ibu t ion  of ~V/V was more  complex (bi- o r  t r imoda l ) .  
The absence  of phase IV or  its ind i s t inc tness  in half of the pa t ien ts  with lung d i s e a s e s  indica tes  that aga ins t  the 
background of r eg iona l  d i s t u rbances  of gas mixing  in the lungs the c los ing  of a sma11 zone because  of the g r av i -  
ta t ional  d i s t r ibu t ion  of i n t r a tho rac i c  p r e s s u r e  may r e m a i n  unnoticed.  The poss ib i l i t y  l ikewise  cannot be ruled 
out that  the pneumose l e ro t i e  changes found in such pat ients  may preven t  c lo su re  of the t e r m i n a l  b roneh io les  
even when the i n t r a tho rac i e  p r e s s u r e  is  c o n s i d e r a b l y  i nc r ea sed  at  the end of exp i ra t ion .  

Data on the effect  of an i n c r e a s e  in the t ime for  gas mixing by diffusion on the ra t io  between the phases  of 
NWC a re  given in Table 2. The r e c o r d e d  volume of DSP d e c r e a s e d  quite r e g u l a r l y ,  as was shown p rev ious ly  
[4, 5]. The d e c r e a s e  in the volume of DSP took place on account  of an i n c r e a s e  in the volumes of MP and A P  of 
exp i ra t ion .  As r e g a r d s  phase IV, in heal thy sub jec t s  of the o lde r  age group,  with a s m a l l  LCV, this  volume was 
reduced  somewhat  a f te r  b rea th  holding, whereas  in eight  pat ients  taken at random it showed hard ly  any change. 
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To conclude, it mus t  be pointed out that r ecord ing  NWC between coordinates  of volumes gives a c lea r  
p ic ture  of the p roces s  of gas mixing in the lungs during deep inhalation of oxygen. The volumes of DSP, AP, 
and LCV can be e x p r e s s e d  quanti tat ively as pe rcen tages  of VC. The gradient  of the r i s e  in the ni trogen con- 
cent ra t ion  per  unit volume in AP  points to d i f fe rences  in the regional  levels  of ventilation of the lungs. The 
higher this gradient ,  the wider  the range  of poss ible  ventilation of the l u n g s - f r o m  very  high to sharp ly  reduced,  
as occurs  main ly  in pat ients  with lung d i s e a s e s .  The m e c h a n i s m  of c losure  of the lung zones,  which is connected 
with gravi ta t ional  a s pec t s  of venti lat ion,  was c l ea r ly  revea led  in healthy subjec ts ,  much less  so and less  f r e -  
quently in patients  with hea r t  d i s ea se s ,  and pa r t i cu l a r ly  badly in patients  with lung d i s ea se s .  In the las t  group 
d i s tu rbances  of gas mixing were  connected with regional  changes in ventilation due to d i sease .  An inc rease  in 
the t ime of gas mixing by diffusion dur ing b rea th  holding at  inspira t ion leads to a d e c r e a s e  in the volume of the 
dead space and to the en t ry  of gas into the a lveo la r  volume.  In the p resence  of regional  inequality, however,  this 
does not improve  the gas exchange in the wors t  venti lated zones.  
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At the beginning of this century Haldane [5] established the stimulating action of CO 2 on the respiratory 
center. This was based on the fact that hyperventilation in anesthetized animals causes apnea. However, in 
later years attention was drawn to phenomena which, in the light of Haldane's discovery, seemed paradoxical. 
Not only hypereapnia, but also hypocapnia stimulates the respiratory center. In man, for instance, after vol- 
untary hyperventilation hyperpnea often arises. In waking animals after passive hyperventilation, hypoeapnic 
polypnea arises [3]. 

It was found comparatively recently that active hyperventilation in anesthetized animals due to crushing 
of the gastrocnemius muscle or stimulation of the nerve to the carotid sinus, by contrast with passive hyper- 
ventilation, likewise does not cause apnea. This led to the view that active respiration itself, as a result of 
reverberation of excitation in the network of respiratory neurons, can maintain rhythmic respiration [4]. 

The present investigation showed that passive hyperventilation also does not necessarily give rise to 
apnea in anesthetized animals if the excitability of the respiratory center is raised beforehand. Experiments 
were carried out on ten cats anesthetized with pentobarbital (30 mg/kg). The electromyogram of the diaphragm 
was recorded. In full agreement with published data artificial hyperventilation (60 breaths/rain, volume 40 ml) 
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