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INTRODUCTION

The th ird  co llec tio n  of "The E ffec t of the G as M edium  and P r e s s u r e  on 
Body F u n c tio n s"  con ta in s the r e s u lts  of fu r th e r  w ork -up  of the p rob lem  
of the e ffec t on the body of in c re a se d  and reduced  to ta l and p a r tia l p r e s s u re s  
of v a rio u s  g ase s  in o rd in a ry  a i r ,  a s  w ell a s  a r t if ic ia l  gas m ix tu re s  used  in 
deep w ater d e sc e n ts . A c h a ra c te r is t ic  fe a tu re  of th is  co llec tio n  is the m a jo r 
p lace acco rd ed  to  in v estig a tio n s on p ro b lem s a sso c ia te d  w ith being  under 
cond itions of in c re a se d  p re s s u re .  S pecifica lly , the m a jo rity  of a r t ic le s  in 
th is  co llec tio n  con ta in  m a te r ia l  on the study of c a isso n  d ise a se  phenom ena, 
which a re  am ong the m o st dangerous consequences of in c re a se d  p re s s u re  
on the body and fo r  m any decades have in te r fe re d  with m a n 's  exp lo ra tio n  
of the  deep.

T rem en d o u s p ro g re ss  has been  m ade in ex p lo ra tio n  of g re a t dep ths in 
the la s t  40 y e a r s ,  due m ain ly  to  the w ork of H aldane and h is  c o -w o rk e rs . 
Taking the ph y sica l phenom enon of su p e r  s a tu ra tio n  of flu ids w ith g a se s  as 
a b a s is , he d e te rm in ed  the p e rm is s ib le  su p e rsa tu ra tio n  coeffic ien t as  applied  
to  com ing  out from  u n d er p r e s s u re  and in troduced  the  concept o f tim e  and 
dynam ics of n itro g en  sa tu ra tio n  and d e sa tu ra tio n  of v a rio u s  body t is s u e s .  
F ro m  th is  he ca lcu la ted  and su b stan tia ted  d eco m p ress io n  re g im e s  n e c e s ­
s a ry  to  p rev en t c a is so n  d ise a se  in d iv e rs  em erg in g  fro m  depths a s  low  as 
30 and then  62 m . In a  p re s s u re  ch am b er, and then  in  p ra c tic a l  u n d erw a te r 
d e sc e n ts , he fu r th e r  checked and c la r if ie d  the co e ffic ien ts  and cond itions 
fo r  the d iv es , ch iefly  e m p ir ic a lly . The d eco m p ress io n  ro u tin e s  he su g ­
gested  e lim in a ted  co m ple te ly  the o c c u rre n ce  -of c a is so n  d ise a se  in d iv e rs  
and gave a pow erful im petus to the developm ent of d iv ing p ra c tic e .

A g roup  of sc ien tif ic  w o rk e rs  headed by A cadem ician  L .A .O rb e li  g re a tly  
co n trib u ted  to  th is  w ork. On the b a s is  of H a ld an e 's  s ta te m e n ts  about s u p e r ­
sa tu ra tio n  co e ffic ien t and tim e  of n itro g en  d e sa tu ra tio n  of the t i s s u e s ,  the 
Soviet s c ie n tis ts  w orked out ro u tin e s  fo r safe  d e scen ts  to  depths of 100 m 
w ith the u se  of a i r .  In o rd e r  to  avoid the toxic e ffec ts  of n itro g en  and oxygen, 
d eep e r d e scen ts  w ere  m ade usin g  a r t if ic ia l  gas m ix tu re s  w ith red u ced  p e r ­
cen tag es  of oxygen and helium  rep la c in g  the n itro g en ; th e re b y  g re a t p r a c ­
tic a l p ro g re s s  was ach ieved . The g ro u p 's  m ain  in itia l ta s k  w as m aking  
p o ssib le  in c re a se d  depth of d escen t, and the cond itions fo r  th is  w ere  w orked 
out e m p ir ic a lly  fo r  the m ost p a r t:  the l im its  of p e rm iss ib le  su p e rsa tu ra tio n  
w ere  d e te rm in ed  in a p re s s u re  ch am b er and du ring  p ra c tic a l u n d e rw a te r 
d e sc e n ts  with re s p e c t to  the o c c u rre n ce  of p r e c u rs o r s  of d eco m p ress io n  
d is o rd e r s  in m an . T h e re fo re , d esp ite  the excep tional p ra c tic a l a c h ie v e ­
m e n ts , the th e o re tic a l w ork-up  of the p rob lem  was inadequate , and 
re m a in s  so .

The next w ork  period  of our group  was given o v er to  a m an ifo ld , 
de ta iled  th e o re tic a l in v estiga tion  and d e te rm in a tio n  of som e ru le s  and 
reg u la tio n s  w hich a re  of g re a t im p o rtan ce  fo r diving p ra c tic e . The p rim e
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pro b lem s w ere : d e te rm in in g  the ex ac t su p e rsa tu ra tio n  co e ffic ien ts  fo r 
v a rio u s  flu id s and g a se s , and the s ign ificance  of r e g u la r i t ie s  found in 
c a is so n  d ise a se ; e lab o ra tin g  p re c ise  te rm ino logy  defining co ncep ts of 
lim itin g , p e rm is s ib le  and safe  su p e rsa tu ra tio n ; and re so lv in g  w hether 
su p e rsa tu ra tio n  is d e te rm in ed  by the ra t io  of the ten sio n  of the ind iffe ren t 
gas to  the to ta l p re s s u re  a f te r  d eco m p ress io n  or by the d iffe ren ce  betw een 
th e se  m agn itudes. One of the p ap ers  of th is  s e r ie s ,  w ritten  by A. P . B re s t-  
kin, w as included in the second co llec tio n  of "The E ffec t of the  Gas 
M edium  and P re s s u re  on Body F u n c tio n s."*

Along w ith the d e te rm in a tio n  of the co e ffic ien ts  and p e rio d s of sa tu ra tio n  
and d e sa tu ra tio n  of v a rio u s  t is s u e s ,  the im p o rtan t question  a ro s e  of the 
physio logical e ffec ts  of gas bubbles (which a re  the ca u se  of c a is so n  d ise a se )  
on the v a rio u s  body functions. It rem ain ed  fo r  us to  d e te rm in e  w here gas 
fo rm a tio n  p r im a r ily  o c c u rs  in the body, the fa te  of the gas bubbles fo rm ed , 
r e s p ir a to ry  and c irc u la to ry  re a c tio n s  to  the bubbles and th e ir  s ig n ifican ce  
in the b o d y 's  fight ag a in s t c a is so n  d ise a se , and fina lly , w hether o r not it 
is  possib le  to in c re a se  body re s is ta n c e  to  d eco m p ress io n  d is o rd e rs .

Diving p ra c tic e  show s tha t sa fe ty  of d eco m p ress io n  cond itions depends 
to  a co n sid e rab le  d eg ree  on the te m p e ra tu re  cond itions during  the d iv e r 's  
s tay  below  and during  d e co m p ress io n .

A lso included in th is  co llec tio n  is an a r t ic le  by Z. S. G usin sk ii and 
A. I. Shvarev d esc rib in g  a p a r tic u la r  ca se  of c a is so n  d ise a se  phenom ena 
and the e lim in a tio n  of th e ir  consequences.

F in a lly , the co llec tio n  includes a paper by B .A . N e ss ir io  in which da ta  
is  p resen ted  on the unique tra in in g  given fo r cond itions of u n d e rw a te r w ork.

The r e s u l ts  of ou r g ro u p 's  ac tiv e  w ork-up  of the prob lem  of the toxic 
e ffec t of oxygen have an im p o rtan t p lace  in the  co llec tion . In c o n tra s t  to  the 
phenom ena of c a isso n  d ise a se  the toxic effect of oxygen w as d e te rm in ed  
sc ie n tif ic a lly  by P. B e r u n d er la b o ra to ry  cond itions. T h e re fo re , the study 
of its  e ffec t on the body w as ex p e rim en ta l and of a th e o re tic a l n a tu re  fro m  
the v e ry  beginning. The l i te r a tu r e  on the  su b jec t is re p re s e n te d  by m any 
so u rc e s , m o st of w hich deal with the m ech an ism  of oxygen-induced  co n ­
v u lsions and the lo ca l e ffect of oxygen on the pu lm onary  ep ith e liu m . At 
the sam e tim e , of g re a t th e o re tic a l in te re s t  and p ra c tic a l s ig n ifican ce  
a r e  the v a rio u s  functional changes in d iv e rs  when the oxygen effect is  not 
accom panied by convu lsions.

The question  of the m echan ica l e ffect of sh a rp  d rops in p r e s s u re  is 
new to  our c o llec tio n s . In the a r t ic le  by V. N. Z voryk in , A. A. K oreshkov 
and P . A .M al'k o v  a  study v/as m ade of the re fle x  e ffec ts  of in c re a se d  
p re s s u re  in the g a s tro in te s tin a l t r a c t  on the r e s p ir a to ry  and c irc u la to ry  
functions. This phenom enon o c c u rs  when a p e rso n  is  rap id ly  e levated , and it 
th e re fo re  is of undoubted s ign ificance  fo r av ia tion . In the c a se  of u n d e r­
w a te r d escen ts  w ith se lf-co n ta in ed  b rea th in g  a p p a ra tu se s , a rap id  r i s e  to 
the  su rfa c e  is  connected  with e x cess iv e  in c re a se  in pu lm onary  p re s s u re  
and ru p tu re  of the a lv eo li. U ntil re c e n tly , th is  phenom enon, not uncom ­
m only encoun tered  in p ra c tic e , w as p ra c tic a lly  un in v estig a ted  e x p e rim e n ta l­
ly , a s  a r e s u l t  of which cond itions fo r  the o c c u rre n ce  of p re s s u re  tra u m a  
and the m ech an ism  of the a sso c ia te d  functional d is o rd e rs  w ere  not c l a r i ­
fied , and m e a su re s  fo r e lim in a tin g  them  w ere not su b stan tia ted . The 
th re e  p ap e rs  by Yu. M. P o lum iskov  included in the p re se n t co llec tio n  fill 
th is  gap to a c e r ta in  d eg ree . The la te  m an ifesta tio n  of p re s s u re  tra u m a

* Funkon organizma v usloviyakh izmenennoi gazovoi sredy.

2



to  the lungs and the fav o rab le  r e s u l ts  of the th e rap eu tic  re c o m p re s s io n  
used  a r e  of th e o re tic a l and p ra c tic a l in te re s t.

The o th e r a r t ic le s  in the co llec tio n  a re  se p a ra te  p a p e rs , m o st of them  
con tinuations and developm ents of the study published in the f i r s t  two 
c o lle c tio n s . P a r t ic u la r ly  notew orthy a re  the a r t ic le s  by B. A. V inokurov 
and Z an  Dok Men, i l lu s tra tin g  the v e ry  d iffe ren t conditions of h igher 
n ervous ac tiv ity  during  ex tre m e  ra re fa c tio n  of the a tm o sp h e re  in a c c o rd ­
ance with the b io log ica l s ig n ifican ce  of the unconditioned s tim u lu s  and the 
conditioned re f le x e s  w orked out on its  b a s is , and p ap e rs  by P . V. O bla- 
penko in which a fine physio logical a n a ly s is  of the b ody 's  re a c tio n s  to  unusual 
r e s p i r a to ry  conditions — in c re a se d  a i r  o r  oxygen p re s s u re  in the r e s p i r a ­
to ry  t r a c t  — is  p re sen ted .

A side fro m  th e ir  defin ite  th e o re tic a l s ig n ifican ce , th is  da ta  is of d ire c t 
p ra c tic a l in te re s t  fo r  av iation .

M. P . B re s tk in
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A. I. A leksandrov  and A. P . B re s tk in

THE PERMISSIBLE SUPERSATURATION CO EFFICIEN TS IN HUMAN 
BEINGS BREATHING AIR AND A HELIUM-OXYGEN MIXTURE

(O koeffitsien takh  dopustim ogo p e re sy sh ch en iy a  u lyudei p r i 
dykhanii vozdukhom  i g e lio -k is lo ro d n o i am es 'y u )

It has been  de te rm in ed  (B restk in , 1958) tha t n itro g en  fo rm s  m o re  stab le  
s u p e rsa tu ra te d  liquid  so lu tions than helium . T hus, in n itro g e n -w a te r  so lu ­
tio n s  the  su p e rsa tu ra tio n  coeffic ien t (SC) v a r ie s  fro m  4.11 to  4.56; in 
h e liu m -w a te r  so lu tio n s, fro m  2.03 to  2.43. In th is  connection  it was 
in te re s tin g  to d e te rm in e  the p e rm iss ib le  su p e rsa tu ra tio n  co effic ien t (PSC) 
in hum an beings b rea th in g  a i r  and a helium -oxygen  m ix tu re .

O ur in v estig a tio n  is of defin ite  p ra c tic a l, a s  w ell as th e o re tic a l 
s ig n ifican ce , s ince  the PSC u n d e rlie s  the c a lcu la tio n  of the d eco m p ress io n  
cond itions. A t the tim e  of ou r ex p e rim en ts  in 1950 th e re  w as no 
ex p e rim en ta l da ta  in the l i te r a tu r e  on PSC va lu es  in hum an b e ings b rea th in g  
a  helium -oxygen  m ix tu re . The va lu es  of the PSC used  in ca lcu la tio n s  of 
deepw ater helium -oxygen  d eco m p ress io n  conditions w ere  d e te rm in ed  m a th e ­
m a tic a lly  by the r e s u l ts  of p ra c tic a l d escen ts  by d iv e rs  to  g re a t d ep ths, and 
should th e re fo re  be re g a rd e d  a s  a r b i t r a r i ly  ca lcu la ted  f ig u re s .

Method

The va lu es  of the PSC w ere  de te rm in ed  in e igh t p ro fe ss io n a l d iv e rs , 
f ro m  20 to  26 y e a rs  of age, and in the au th o rs  of th is  w ork , 28 and 38 
y e a r s  old. The in v estiga tion  w as m ade in a la rg e  p re s s u re  ch am b er. F our 
su b je c ts  p a rtic ip a ted  s im u ltan eo u sly  in the sam e  ex p e rim en t.

The su b jec ts  w ere  given an  ind ifferen t gas a t a given p re s s u re  fo r  6 h r s . 
At the end of th is  tim e , which w as co n sid e red  adequate fo r  100% sa tu ra tio n  
of the body w ith g as , the p re s s u re  in the ch am b er w as red u ced  to  n o rm al 
fo r  1 m in . D uring the next 18 h rs  the su b jec ts  w ere  u n d er o b se rv a tio n  in 
a p re s s u r iz e d  la b o ra to ry . If no sym ptom s of d eco m p ress io n  s ic k n e ss  o c ­
c u rre d  in th em , a f te r  3 days a s im ila r  ex p erim en t w as p e rfo rm ed  w ith a 
p re s s u re  of 1.5 m  of w a te r above the p rev ious.

Such a g rad u a l in c re a se  in p re s s u re  f ro m  ex p erim en t to  experim ent^-— 
was continued until one of the  su b jec ts  showed d is tin c t s ig n s of c a is so n  
d ise a se  a f te r  d eco m p ress io n . The value of the p re s s u re  in th is  la t te r  
c ase  w as c o n s id e red  the lim itin g  p re s s u re  fo r  the su b jec t. With the 
o c c u rre n ce  of s e v e re  s igns of d eco m p ress io n  s ic k n e ss , the su b jec t im ­
m ed ia te ly  w as sub jec ted  to  th e ra p e u tic  re c o m p re ss io n . The th e rap eu tic  
re c o m p re ss io n  w as conducted even  when m ild  but p e rs is te n t sym ptom s 
o ccu rred .
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The PSC w as ca lcu la ted  fro m  the follow ing fo rm u la :

PSC
P  tot - W __ Py

io o -i T
w here Ptot

n
p.

is the to ta l lim itin g  p re s s u re  in a tm o sp h e re s , i. e. , a f te r  a 
s ix -h o u r period  a t th is  p re s s u re  the sub jec t developed s ig n s of 
d eco m p ress io n  s ic k n e ss ;
is  the p ercen tag e  of the ind iffe ren t gas in the inhaled a ir ;  
is the ten sio n  of the ind iffe ren t gas in the body t is s u e s ,  which 
was n u m erica lly  equal to  its  p a r tia l p r e s s u re  in the inhaled gas 
m ix tu re  a f te r  a s ix -h o u r period  under p r e s s u re ,  tha t is , equal
, _ Pirn ■ n _ _ jto — 0— : and

1 is the am bien t p re s s u re  in a tm  a f te r  d eco m p ress io n .
B efore the ex p erim en t the ch am b er was h a lf-f illed  with w a te r , rang ing  

in te m p e ra tu re  fro m  11 to  14°. D uring the ex p erim en t the su b je c ts , 
d re s se d  in w arm  u n d erw ear and diving s u its , s a t  up to  th e ir  c h e s ts  in w ate r 
fo r  the e n tire  6 h o u rs , w ithout doing any w ork. On o b se rv an ce  of s tan d ard  
ex p erim en ta l cond itions, each  sub jec t b rea th ed  th rough th e  m outhp iece of 
the light diving a p p a ra tu s  in both the he lium -oxygen  g a s -m ix tu re  and a ir  
ex p e rim e n ts . T hese  a p p a ra tu se s  w ere filled  fro m  a tra n sp o r ta b le  tank  
through a c o lle c to r  w ith b y p asses .

To keep the com position  of the inhaled a i r  co n stan t, the  su b jec ts  
rep laced  the gas m ix tu re  in the b rea th in g  bag of the a p p a ra tu s  once e v e ry  
5 m in. G a s-m ix tu re  com position  was checked by a n a ly s is  of gas sam p les  
on a H aldane a p p a ra tu s ; th e se  sam p le s  w ere  taken  fro m  the b re a th in g  bags 
ev e ry  15 m in . U sually  the oxygen content of the b rea th in g  m ix tu re  ranged  
fro m  21 to  18%; th a t of n itro g en  and helium , fro m  79 to  82%.

E v ery  3 h r s  the su b je c ts  su b stitu ted  the a p p a ra tu se s  fo r  s e v e ra l seco n d s, 
because  with lo n g er u se  the ch em ica l ab so rb en t m ay not com plete ly  rem ove  
the carb o n  dioxide fro m  the b rea th in g  m ix tu re .

R esu lts  of the E x p erim en ts

A ccording to the data  given in the tab le , the lim itin g  p re s s u re  on b re a th ­
ing a ir  was 2.95 atm  fo r  a ll 8 su b jec ts . A fte r a 6 hour s tay  u n d er th is  
p r e s s u re  a ll su b jec ts  developed se v e re  itch ing  of the skin; In addition, 
jo in t pa in s  o c c u rre d  in two su b je c ts  10 and 15 h r s  a f te r  d eco m p ressio n . 
T herap eu tic  re c o m p re ss io n  was p e rfo rm ed  on one of the p a tie n ts . T h e re -

2 9 5 * 8 1  4fo re , it m ay be co n sid e red  th a t the PSC of n itrogen*  i s — —i —■ = 2.40,

w here 81.4 is  the n itro g en  content of the inhaled  a i r  in p e rc e n t (accord ing  
to an a n a ly s is  of the b re a th in g -a p p a ra tu s  sam ple).

On b rea th in g  the helium  oxygen m ix tu re  the lim itin g  p re s s u re  in th re e  
su b jec ts  w as equal to 3.25 atm . S hortly  a f te r  com ing out from  under 
p r e s s u re  they  com plained  of s e v e re  jo in t p a in s , but sk in  itch in ess  was 
absent; o b jec tive ly  they  showed dyspnea and sw e a tin e ss . T herapeu tic

• For convenience of presentation, the PSC on breathing air will be called the PSC of nitrogen, that on 
breathing helium -oxygen mixture, the PSC of helium.

6



re c o m p re ss io n  w as p e rfo rm e d  on two of them . The o th e r five su b jec ts  
show ed no s ig n s of d eco m p ressio n  s ic k n e ss , and ev idently  fo r  them  the 
lim itin g  p r e s s u r e  was som ew hat m o re  than 3,25 atm . H ow ever, we 
re f ra in e d  fro m  using  any fu r th e r  p r e s s u re  in c re a se  because  of the 
p o ss ib le  o c c u rre n ce  of s e v e re  sym ptom s of d eco m p ressio n  s ic k n e ss .

3 25•82T h e re fo re , the PSC of helium  is  equal to —‘ qq----= 2.66, w here 82 is

the helium  content in the b rea th in g  m ix tu re  in p e rc e n t.

Experimental data for determining the PSC

Pressure
Number of 
subjects

Partial pressure 
of indifferent 
gas Cin atm )

Cases of occurrence 
of decompression 

symptomsin m of water in atm.

On breathing air

12.6 2.25 5 1.78-1.86 Absent
14.0 2.40 2 1.90 "
15.5 2.55 2 2.01 »
16.5 2.65 2 2.00
18.0 2.8 6 2.21-2.32 2 (itch ing of the skin)
19.0 2.95 8 2.36-2.40 8

On breath ing the helium-oxygen mixture

12.5 2.25 8 1.91-2.02 Absent
14.0 2.40 4 1.86
16.5 2.55 4 2.09
16.5 2.65 4 2.13
18.0 2.8 4 2.33
19.5 2.95 4 -

21.0 3.10 4 2.46
22.5 3.25 8 2.65-2.67 3

The va lu es  e s ta b lish e d  fo r  the PSC c h a ra c te r iz e  re s is ta n c e  of the 
su b je c ts  to d eco m p ressio n  s ick n ess  under conditions of a 6 ho u r s tay  
under p r e s s u re  in cold w a te r w ithout ph y sica l ex ertio n .

D iscussion  of R esu lts

As shown by the r e s u l ts  given in the tab le , the PSC of helium  is  
g re a te r  than th a t of n itro g en , w h ereas , acco rd in g  to the data  of A. P . 
Brestk.in ind ica ted  above (1958) the SC of n itro g en  is  g re a te r  than tha t 
of helium .

The question  a r is e s  a s  to why n itrogen , which fo rm s  m o re  stab le  su p e r ­
sa tu ra te d  so lu tions with flu id s, h as  a low er PSC value than helium . This 
d isc rep an cy  is  explained ch iefly  by the fac t th a t the SC and PSC a re  
d iffe ren t in th e ir  n a tu re . As is  w ell known, the SC is  the ra tio  of the 
ten sio n  of an ind iffe ren t gas in solu tion  to the am bient p r e s s u r e  a t which 
the f i r s t  gas bubbles a re  fo rm ed , w h ereas  the PSC is  the ra t io  of the
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tension  of the in d iffe ren t gas in the body tis s u e s  to the am bient p r e s s u re  
at which the f i r s t  s igns of d eco m p ressio n  s ic k n e ss  o ccu r.

The c la s s ic a l  ex p e rim en ts  of N. I. P ig o ro v  (1852) and V. V. P ash u tin  
(1881) with the in jec tion  of a i r  into the blood v e s s e ls  of dogs ind icate  
convincingly th a t the bubbles of an in d iffe ren t gas fo rm ed  in the body in 
sm all q u an tities fa il to p ro d u ce  any functional d iso rd e rs , and a re  read ily  
e lim inated  by the body. The m echan ism  of e lim ination  of the f re e  
ind iffe ren t gas from  the blood s tre a m  was analyzed  by A. P . B re s tk in  (1954). 
T h is data in d ica te s  th a t s ig n s of d eco m p ressio n  s ic k n e ss  o ccu r only 
when a re la tiv e ly  la rg e  quantity  of f re e  ind iffe ren t gas is  fo rm ed , which 
the body can e lim in a te  only with g re a t d ifficu lty  o r  cannot e lim in a te  a t a ll 
w ithout the tim e ly  u se  of th e rap eu tic  rec o m p re ss io n .

T h e re fo re , the PSC is  a m o re  co m plica ted  p a ra m e te r  than the SC of 
g as- fluid so lu tions and c h a ra c te r iz e s  not only the p ro p e r tie s  of body 
tis s u e s  and p r im a r i ly  those  of the blood fo r  m ain ta in ing  a d isso lved  
ind ifferen t gas in a su p e rsa tu ra te d  s ta te , but a lso  the cap ac ity  of the 
o rg an ism  fo r  e lim in a tin g  the gas bubbles fo rm ed . N atu ra lly , the ra te  of 
e lim ination  of the f re e  in d iffe ren t gas should be d e te rm in ed  both by the 
condition of the co m p en sa to ry  m ech an ism s of the body, and by the n a tu re  
of the gas.

B ecause  n itrogen  d isso lv es  b e tte r  than  helium , with the sam e deg ree  
of rap id  p re s s u re  reduction , a g re a te r  e x cess  of in d iffe ren t gas is  fo rm ed  
in the body of a d iv e r b rea th in g  a i r  than when b rea th in g  a h e liu m - oxygen 
m ix tu re . Evidently , the volum e of the f re e  gas p roduced  in the f i r s t  case  
w ill be g re a te r  than in the second.

In addition, the p ro c e s s  of e lim ina tion  of the f re e  ind iffe ren t gas from  
the body of the d iv e r th rough the lungs and p a r tly  through the sk in  depends 
not only on its  quantity  but a lso  on its  pow er of d iffusion. A ccord ing  to 
the E x n er ru le  (E xner, 1875), the diffusion coeffic ien t of helium  is  m uch 
g re a te r  than  th a t of n itrogen . T h e re fo re , with the sam e p re s s u re  
reduction  the body m o re  re a d ily  e lim in a te s  helium  bubbles than n itrogen  
bubbles, s ince  the f re e  helium  is  fo rm ed  in a s m a lle r  quantity  and d iffuses 
rap id ly .

E vidently , the sam e c irc u m sta n c e  exp la ins the d isc rep an cy  ind icated  
in the re la tio n s  betw een the f ig u re s  fo r  the SC and the PSC fo r  n itro g en  and 
helium . The p o ss ib ility  has not been ru led  out tha t even in the d iv e r 's  
body the gas bubbles fo rm ed  on b rea th in g  a h e liu m -o x y g en  m ix tu re  have 
low er d e g re e s  of su p e rsa tu ra tio n  than on b rea th ing  a i r ,  d esp ite  the fact 
th a t the PSC of n itro g en  is  le s s  than th a t of helium . The co n sid e ra tio n s  
e x p re sse d  h e re  about the SC and PSC a g re e  with data of the ex tensive  and 
v e ry  convincing s tu d ies  of P . M. G ram en itsk ii and o th e rs  (1964) a s  w ell a s  
with the data of G. L. Z a l 'tsm a n  and I. D. Z inov 'eva (1964) on the PSC 
d e te rm in a tio n  in hum an beings a f te r  b rea th in g  a i r  and a h e liu m -o x y g en  
gas m ix tu re  fo r  an hour, under p r e s s u re  in a dry  p re s s u re  cham ber.

C onclusions

1. U nder conditions of a p r e s s u re  ch am b er h a lf - f i l le d  with w a te r, the 
value of the PSC on b rea th in g  a i r  is  equal to 2.40; on b rea th in g  a helium - 
oxygen gas m ix tu re , 2.66.
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2. The h ig h e r value of the PSC on b rea th in g  the h e liu m - oxygen gas 
m ix tu re  is  ev idently  explained by the fa c t th a t the body m o re  re a d ily  
e lim in a te s  the helium  bubbles, s ince  th is  gas p o s s e s s e s  a h ig h er d iffusion 
coeffic ien t.
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I I * - A. P . B res tk in

RELATIONSHIP BETW EEN THE SUPERSATURATION C O EFFIC IEN T 
OF GAS- LIQUID SYSTEMS AND THE TENSION OF DISSOLVED GAS

(Z a v is im o s t1 ko effits ien ta  p e resy sh ch en iy a  s is te m  g a z -z h id k o s t ' ot 
nap ryazhen iya  rastvo rennogo  gaza)

./"i
j  It h as  been noted (Haldane and P r ie s t le y , 1937) tha t the p e rm is s ib le  
sa tu ra tio n  coeffic ien t (PSC) fo r  d iv e rs  d e c re a s e s  with in c re a se d  depth of 
descen t and tim e  spent a t the bottom , i.e ., with in c re a se  in the p a ra m e te rs  
d e te rm in in g  the tension  of an ind iffe ren t gas in the body t is s u e s .  Evidently, 
such a red u c tio n  in the PSC is  connected  not only with functional changes 
of the body but a lso  with change of the capac ity  of the t is s u e s  fo r  re ta in in g  
the d isso lv ed  in d iffe ren t gas in a s ta te  of su p e rsa tu ra tio n . In th is  con­
nection, it was v e ry  in te re s tin g  to study the re la tio n sh ip  betw een the 
tension  of the d isso lv ed  gas and the su p e rsa tu ra tio n  coeffic ien t (SC) of the 
solution, the value of which a lso  c h a ra c te r iz e s  the capac ity  of the flu id  fo r 
re ta in in g  the d isso lved  gas in a su p e rsa tu ra te d  s ta te .

M ethod

The study co n sis ted  of two s e r ie s  of ex p erim en ts: in the f i r s t  a study 
was m ade of su p e rsa tu ra te d  g a s - f lu id  so lu tions in the p r e s s u re  range  from  
1 to 8 atm ; in the second, from  10 to 200 atm . The ex p e rim en ts  w ere 
p e rfo rm e d  with two flu id s  (w ater and benzene) and with th re e  g ase s  
d h e lium . n itrogen , and carb o n  dioxide).

1. E x p erim en ts  with p r e s s u re s  from  1 to 8 atm  w ere  p e rfo rm e d  with 
an a p p a ra tu s  a lre a d y  u sed  by u s  (B restk in , 1958). A w a te r th e rm o s ta t 
with a s a tu ra to r  and d ila to m e te r  p laced  on it w ere put in the p re s s u re  
ch am b er, w here the e x p e rim e n te r  and an a s s is ta n t  w ere  located  during  
the ex p erim en t. A rh e o s ta t and m e rc u ry  re la y  w ere p laced  ou tside  the 
cham ber, and the e le c tr ic  w ire s  com ing from  them  into the e le c tr ic  
h e a te r  and h ea t re g u la to r  of the w a te r th e rm o s ta t w ere  in troduced  into 
the ch am b er through a connecting  pipe with an a sb e s to s  stuffing  box.

The w a te r in the th e rm o s ta t was m ixed with a i r  p a sse d  from  a s tee l 
tank th rough a g la ss  tube with a la rg e  num ber of ho les. A ll p re p a ra to ry  
w ork fo r  the experim en t, including f illin g  the sa tu ra te d  flu id  with gas, 
w as done ou tside  the ch am b er. The n e c e s s a ry  p re s s u re  in the ch am b er 
w as c re a te d  with co m p re sse d  a i r  and m e a su re d  ca re fu lly  with a c a lib ra te d  
m an o m ete r. Satu ra tion  of the flu id  with gas a t the n e c e s s a ry  p re s s u re  P„
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w as acco m p lish ed  by v igo rous shaking  of the s a tu ra te d  fluid by hand fo r 
10 m in. A sp e c ia lly  p e rfo rm e d  ex p erim en t showed tha t th is  p e rio d  was 
m o re  than adequate fo r  reach in g  com plete  sa tu ra tio n . W ithout changing

the p re s s u re  in the cham ber, the fluid 
sa tu ra te d  with gas w as t r a n s f e r r e d  to 
the d ila to m e te r , thus c re a tin g  a sligh t 
e x cess  gas p r e s s u re  in the s a tu ra to r  
by m ean s of a m e rc u ry  U- tube. T h e re ­
by p re c a u tio n a ry  m e a s u re s  w ere  taken 
to in su re  tha t the so lu tion  in  the d ila to ­
m e te r  be f r ee  of gas bubbles.

The d ila to m e te r  filled  with so lu tion  
w as d isconnected  from  the a p p a ra tu s  
and fixed in the th e rm o s ta t . To d isso lve  
the v e ry  s lig h t t r a c e s  of f re e  gas which 
m ight be found betw een the w all of the 
d ila to m e te r  and the so lu tion , the 
p r e s s u re  in the ch am b er was in c re a se d  
by 2- 3 a tm . D uring th is  tim e , the 
e x p e rim e n te rs  w ere  in an an tech am b er 
at a low er p r e s s u re  in o rd e r  to avoid 
e x c e ss  n itro g en  accum ulation  in th e ir  
bodies. At the end of 30 m in  the 
p re s s u re  in the ch am b er was red u ced  
to a fig u re  a t which gas bubble fo rm a ­
tion in the investig a ted  s u p e rsa tu ra te d  
solu tion  began to be o b serv ed . The 
p re s s u re  in the an tech am b er w as a lso  
brought up to  th is  figu re ; the e x p e r i­
m e n te rs  again  went into the ch am b er 
and o b se rv ed  the te s t  so lu tion .

A fter in itia l redu c tio n  of p r e s s u re  
by 25- 50% it was fu r th e r  red u ced  by 
sudden d rops at in te rv a ls  of 0 .2 - 0.5 atm . 
The p e rio d  of o b se rv a tio n  of the so lu ­
tion  at each p re s s u re  w as 20 m in . As 
a re s u lt ,  the  p r e s s u r e  P w as found, at 

which the f i r s t  gas bubble was fo rm ed  in the s u p e rsa tu ra te d  so lu tion  in a 
p e rio d  of 20 m in. E v e ry  ex p erim en t was re p e a te d  2- 4 tim e s . F rom  the 
data of p a ra l le l  ex p e rim en ts  the av e rag e  fig u re  of P, the  value of

P
SP = -j2-, and the d iffe rence  PQ — P w ere ca lcu la ted . V aria tio n s  of P

from  the av e rag e  f ig u re  did not exceed  10%. The ex p e rim en ta l data 
ob tained  is  p re se n te d  in the tab le , in which, fo r  the p u rp o se s  of co m p ariso n , 
the va lu es  of SP a re  given fo r  a p r e s s u re  of 1 atm , taken  from  o u r p rev io u s  
w ork (B restk in , 1958).

2. E x p e rim en ts  with p r e s s u r e s  fro m  10- 200 atm  w ere  p e rfo rm e d  with 
a C a ille te t ap p a ra tu s , which we m odified  som ew hat (F ig u re  1). The m ain  
p a r t  of th is  in s tru m e n t is  a g la ss  b a ro m e te r  tube (1). We u sed  tub es about 
50 cm long with o u tside  d ia m e te rs  of 10-12  m m  and in n e r d ia m e te rs  of 
1- 4 mm.. The u p p er end of the tube was fused  in the fo rm  of a h em isp h ere ;

FIGURE 1. Apparatus for investigation of 
supersaturated gas-fluid solutions at high 
pressures (Explanation in the text)
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the low er end was le ft open. F o r 25 cm from  the upper sea led  end 
d iv isions w ere  m ade on the tube at 1 m m  in te rv a ls . At a d is tan ce  of 
8- 12 cm f r om the low er open end a bulb w as blown out (11) fo r  the purpose  
of a ttach ing  the g la ss  tube in the s te e l connecting  pipe (2). The g la ss  tube 
p re p a re d  in th is  way w as ca re fu lly  c a lib ra te d  with m e rc u ry , enabling  
a c cu ra te  d e te rm in a tio n  of the volum e betw een the d iv isions in sc rib ed  and 
of the e n tire  tube a s  a whole.

The g la ss  tube was fixed in a s te e l connecting  pipe (2) by m ean s of 
P o rtland  cem ent, two ru b b e r w ash e rs  and a c lam ping  sleeve  (3). A fter 
the cem ent hardened , a c e r ta in  quantity  of flu id  and an iro n  ro d  (5) 
so ld e re d  into a g la ss  c a p illa ry  w ere  in troduced  into the b a ro m e te r . The 
e n tire  rem ain in g  volum e of the tube was filled  with the gas being stud ied . 
F o r the pu rpose  of in troducing  fluid into the g la ss  tube, we p re p a re d  a 
sm all funnel with a long and v e ry  fine c a p illa ry , which p a sse d  f re e ly  into 
the tube up to its  sea led  end. A quantity  of flu id  was in troduced , su ffic ien t 
to d isso lve  a ll the gas f illin g  the re s id u a l volum e of the tube a t p r e s s u re s  
up to 250 atm  and a t te m p e ra tu re s  a t which the s tu d ie s  w ere m ade. The 
tube w as filled  with the in v estig a ted  gas th rough the sam e  c a p illa ry  by 
blowing the gas through it fo r a long tim e . In o rd e r  to avoid evapora tion  
of the fluid in the tube in th is  p ro c e s s  it was fro zen  with d ry  ice .

The open end of the tube was then sea led  with a ru b b e r s to p p er and 
im m e rse d  in  a cup of m e rc u ry . The s to p p er was rem o v ed  under the 
la y e r  of m e rc u ry , and a sh o rt te s t  tube of m e rc u ry  was s e t  on the end of 
the tube, th e re b y  fo rm in g  a m e rc u ry  valve.

The connecting  pipe with the filled  g la ss  tube was sc rew ed  on to a 
s te e l buffer (4), and in the a p p a ra tu s  thus a ssem b led  the p re s s u re  was 
im m ed ia te ly  ra is e d  by fo rc in g  in o il with an o rd in a ry  p re s s .  The m e rc u ry  
was squeezed  into the tube from  the buffer, c o m p re ss in g  the gas. D uring 
the sc rew in g  of the in s tru m e n t and the in c re a se  of p r e s s u re  in it, the end 
of the tube with the flu id  was constan tly  cooled with d ry  ice . F re e z in g  the 
fluid w as n e c e s s a ry  so th a t when the tube w as tu rn ed  in a v e r tic a l position  
the fluid and iro n  rod  (5) in it rem ain ed  in the upper po rtion .

To m ain ta in  the n e c e s s a ry  te m p e ra tu re  in the tube (1) a sp ec ia l th e rm o ­
s ta t was se t on it. A g la ss  co v er (6) about 5 cm in d ia m e te r  and about 
50 cm  long was p laced  on the tube by m eans of a la rg e  ru b b e r s to p p er.
The cover was filled  with w ate r, which was heated  to the n e c e s s a ry  te m ­

p e ra tu re  with a tube e le c tr ic  fu rn ace  (7). The fu rn ace  was supp lied  with 
rh e o s ta ts  which kept the te m p e ra tu re  in the co v er constan t. The w ater 
was m ixed  with a i r  com ing  into the co v e r from  the tank through a 
re d u c e r , ru b b er tube and m eta l tube (9). The w ater te m p e ra tu re  was 
m e a su re d  with sh o rtened  p re c is io n  m e rc u r ia l  th e rm o m e te rs  (10).

A fter e s tab lish in g  the n e c e s s a ry  te m p e ra tu re  in the th e rm o s ta t, the 
p r e s s u r e  at which the quantity  of investig a ted  gas com plete ly  d isso lved  
in the given flu id  was d e te rm in ed . F o r m ost rap id  so lu b iliza tion  the gas 
w as m ixed with the flu id  with a m ix e r (5) d riv en  by a sp ec ia l m agnet (8). 
The m agnet fit re a d ily  into the co v er and had a hole th rough which the 
b a ro m e te r  tube (1) p a sse d  free ly .

D uring th is  m ixing p ro c e s s  the p r e s s u re  in the tube was p e rio d ic a lly  
ra is e d  until the la s t  v e ry  sm all gas bubble d isap p eared . The p re s s u re  P0 
co rresp o n d in g  to the point of com plete  so lub iliza tion  was re c o rd e d  in 
the tab le .

12



A fte r d e te rm in a tio n  of th is  point the p r e s s u r e  w as ra is e d  an o th er
10 a tm  and le f t unchanged fo r 20 — 50 m in in o rd e r  to be ab so lu te ly  su re  
tha t th e re  w ere  no t r a c e s  of und isso lved  gas.

At the end of th is  p e rio d  the p re s s u re  in the tube was red u ced  by 
in te rv a ls  of 5 atm , co n v ertin g  the sa tu ra te d  so lu tion  into a su p e rsa tu ra te d  
one. To avoid shaking  the s u p e rsa tu ra te d  so lu tion  the p r e s s u r e  was 
red u ced  v e ry  cau tiously , and during  th is  tim e  the m agnet was rem oved  
com plete ly  from  the co v er. A fter each p re s s u re  red u c tio n  a 20 m inute  
o b se rv a tio n  w as m ade of the su p e rsa tu ra te d  so lu tion . The p r e s s u r e  at 
which the f i r s t  gas bubble ap p eared  w as re c o rd e d . The p r e s s u r e  in the 
in s tru m en t was m easu red  with a p re c is io n  sp rin g  m an o m e te r s e t  on an
011 p r e s s ,  and th e reb y  a c o rre c tio n  was m ade fo r  the d iffe ren ce  betw een 
the m e rc u ry  leve l in the g la ss  tube and th a t in the r ig h t-  hand c y lin d e r of 
the buffer.

A g re a t advantage of the m ethod d e sc rib e d  fo r  in v estig a tin g  s u p e rsa tu ra te d  
g as-  flu id  so lu tions is  tha t ev e ry  m e a su re m e n t m ay be rep e a te d  m any 
tim e s  w ithout d isa ssem b lin g  the a p p a ra tu s . U sually , the ex p erim en t was 
re p e a te d  5- 8 tim e s , and the av e rag e , P, was ca lcu la ted .

Then the in s tru m e n t was d isa ssem b led , again  filled  with the sam e  flu id  
and the sam e  gas but in a d iffe ren t p ro p o rtio n , and a new study  w as m ade.

E x p erim en ta l Data 

R esu lts  of the in v estig a tio n  a re  shown in the T able and in F ig u re  2.

sc

FIGURE 2. The SC of gas-fluid solutions as a function of the 
tension of the dissolved gas at 25*

On the abscissa, the pressure difference Cin atmospheres); on 
the ordinate, the supersaturation coefficient. 1. C 0 2-H i0;
2. N2-H 20 ;  3. H e- HjO.

The r e s u l ts  ob tained  show th a t the SC of a ll so lu tions d e c re a se  with 
in c re a se  of the ten sio n  of the d isso lv ed  gas P0, i. e ., with in c re a se  in its  
co n cen tra tio n . This change in SP is  m o re  pronounced  in so lu tio n s of 
g a se s  which d isso lv e  re a d ily  in w ate r. Thus, with a ten s io n  of the 
d isso lv ed  gas equal to 1 a tm , the so lu tions investig a ted  a re  a r ra n g e d  in
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the follow ing o rd e r  with re sp e c t to the value of the SC:

CO2 -  H 2 O -  6.06,

N2 -  H20  -  4.04,

He — H20  — 2,26.

With in c re a se  of the tension  of the d isso lved  gas to 60 atm  in a  so lu tion  
of the read ily  soluble gas, CO2 (so lub ility  coeffic ien t X = 0.759 m l/m l) ,, 
the SC d e c re a se s  to 1.29 and becom es le s s  than in so lu tions of poorly  
so luble  g a se s  — n itrogen  ( X = 0.0512 m l/m l)  and helium  ( X= 0.0099 m l/m l)  
— in which the S C 's a re  equal and about 1.50.

Supersaturaiion coefficients of gas-ffuid sofutions at different pressures Cat 25*)

Solvents Gas P0
(in atm/

P
(in atm /

S C P c - P  
(in atm/

0.97 0.43 2.26 0.54
4.0 2.1 1.90 1.9
8 0 1 78 3.5

Water Helium
84 55 1.53 29.0

114 80 1.42 34.0
160 119 1.34 41.0

0.97 0.24 4.04 0.73
4.0 1.28 3.12 2.72
8.0 2.93 2.73 5.07

Water Nitrogen 60 39.5 1.52 20.5
99 72 1.37 27.0

160 120 1.33 40.0

U.97 0.16 6.06 0.01
4.0 1.07 3.74 2.93
8.0 2.73 2.93 5.27

Water Carbon dioxide 26 16.5 1.57 9.5
45 32.5 1.38 12.5
60 46.5 1.29 13.5

( 0.86 0.15 5.73 0.71
Benzene Helium { 4.0 0.91 4.39 3.09

I 8 .0 2.4 3.33 5 .6 0

4.0 0.75 5.33 3.25
Benzene Nitrogen { 8.0 2.5 3.20 5.5

( 4.0 0.4C 8.69 3.54
Benzene Carbon dioxide < 8.0 1.75 4.57 6.25

The ru le s  and reg u la tio n s e s tab lish ed  m ay be explained by ex isting  
data on the study of h ig h -p re s s u re  g a s - f lu id  so lu tions. It h as  been proved  
ex p erim en ta lly  (S h iller, 1897; P o lli tz e r  and S trebe l, 1924; Sage and 
Lacey, 1936; B restk in , 1947) tha t with in c re a se  in the p r e s s u re  at which 
the fluid is  sa tu ra te d  with gas, the density  of s a tu ra te d  vapor in c re a s e s , 
and the density  of flu id  d e c re a se s , i. e., a g radua l approx im ation  of the 
p ro p e r tie s  of the liquid p h ases  o c c u rs . At som e v e ry  high p re s s u re ,  a s
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a ru le , a c r i t ic a l  condition  o c c u rs  in the so lu tion  a t which the vapor and 
the liqu id  p h a se s  becom e id en tica l: the su rfa c e  ten sio n  of the flu id  d rops 
to  ze ro , and the SC becom es equal to one. The h ig h e r the gas p r e s s u re ,  
the low er the c r i t ic a l  te m p e ra tu re  of the fluid. T h ere  is  re a so n  to believe 
(Ipat'ev , T eodorovich , B res tk in , A rtem ovich , 1948) tha t even a t 37° the 
w a te r m ay  be brought up to a c r i t ic a l  s ta te , d isso lv in g  gas in  it  a t a 
p r e s s u r e  of s e v e ra l thousand  a tm .

T h e re fo re , with in c re a se  in  the ten s io n  of the d isso lv ed  gas, the SC of 
the "g as  - flu id" so lu tions a t the given te m p e ra tu re  should  g rad u a lly  
d e c re a se  un til a c r i t ic a l  s ta te  o c c u rs  a t som e v e ry  high p r e s s u r e  a t which 
s u p e rsa tu ra te d  so lu tio n s cannot ex is t, and the su p e rsa tu ra tio n  coeffic ien t 
becom es equal to one. It is  w ell known (R ysakov and B res tk in , 1937) tha t 
a t the sam e  te m p e ra tu re  the c r i t ic a l  s ta te  in the "g a s - f lu id "  so lu tion  with 
a re a d ily  so lub le  gas is  reach ed  a t a low er p r e s s u re  than  with a p o o rly  
so lub le  gas. T h e re fo re , d esp ite  the fac t tha t a t low p r e s s u r e s  the s u p e r -  
s a tu ra tio n  coeffic ien t is  h ig h e r in " re a d ily  so lub le  g a s - f lu id "  so lu tions 
than  in "poorly  so luble  g a s - f lu id "  so lu tions the  lim itin g  value of the s u p e r-  
s a tu ra tio n  coeffic ien t (1) in the f i r s t  c a se  is  reach ed  a t a lo w er p r e s s u re  
than in the  second. T h e re fo re , on the co o rd in a te s  of " s u p e rsa tu ra tio n  
coeffic ien t p lo tted  ag a in s t p r e s s u re "  the cu rve  fo r  " re a d ily  so lub le  g a s-  
flu id" so lu tions should in te r s e c t  the cu rv e  fo r  "poorly  so lub le  g a s - f lu id "  
so lu tions (F ig u re  2).

In c o n tra s t  to the SC, the d iffe rence  P„—P does not d e c re a se  but 
in c re a s e s  m ark ed ly  with in c re a se  in the ten sio n  of the d isso lv ed  g as . F o r 
exam ple , a t a  ten sio n  of d isso lved  helium  equal to 0.97 atm , it  is  equal 
to 0.54 atm ; a t P„= 160 atm  it in c re a s e s  to  41 a tm . B ecause  a t the 
c r i t ic a l  po in t P0— P is  ev idently  equal to 0, a t v e ry  high p re s s u r e  the 
value of th is  d iffe ren ce  should, a f te r  reach in g  a m axim um , d e c re a s e  with 
fu r th e r  in c re a se  in p r e s s u re .

The data  of the tab le  show s g rap h ica lly  th a t with in c re a se d  ten s io n  of 
the  d isso lv ed  gas the value of SC is  m o re  s tab le . T his fa c t h as  not been 
given a s t r ic t  th e o re tic a l su b stan tia tio n . In its  m o st g en era l fo rm  it m ay 
be exp lained  on the  b a s is  of the L aplace equation,

P '- P = ? l tT *
w here P 'is  the p r e s s u re  in side  the gas bubble, 

a is  the su rfa c e  ten sio n  coefficient; 
r is  the ra d iu s  of the bubble.

Let u s  tak e  P'^P,,, then

P * ~ P  =  ~. (1)
from  which

7  =  W  +  l ( 2 )

F rom  equation  (1) it  follow s th a t the d iffe ren ce  Po—P m ay  re m a in  
co n stan t with in c re a se  in P 0, if the ra tio  —  does not change. As s ta ted  
above, with in c re a s e  in the co n cen tra tio n  of the d isso lv ed  gas, a 
d e c re a s e s  even when P „ is  v e ry  high; when the g as-  fluid sy s tem  re a c h e s  
the c r i t ic a l  s ta te , a becom es equal to 0. Since in  o u r c a se  P 0's  a re  
re la tiv e ly  low, the change in a m ay  be neg lec ted . H ow ever, the change 
in r cannot be neglected; with in c re a se  in P„ i t  should d e c re a se .
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Let us suppose th a t a t a te m p e ra tu re  of 25°, P 0 equals 2 atm  in 1 m l 
of N2~ H2O so lu tion . Let us suppose fu r th e r  tha t the f i r s t  gas bubble in 
th is  so lu tion  was fo rm ed  when the p re s s u re  was reduced  to 1 a tm . If o 
of the solu tion  = a of w a te r = 72 d y n es/cm , r=  -p - p- e q u a ls  1.42 p ,

and the volum e of the bubble V=‘/3 n r>= 11.9 p 3. In th is bubble 
th e re  w ill be about 5- 107 m o lecu les , w hereas the e n tire  e x cess  of d isso lved  
N2 fo rm ed  in 1 m l of so lu tion  with reduction  of the p re s s u re  from  2 to 1 atm  
w ill be 0.0152 m l (so lub ility  coefficient) o r  4 ’ 10” m o lecu les.

Let u s  now take P„= 10 atm . If the d iffe rence  P 0—P rem ain ed  constan t, 
the f i r s t  gas bubble would be fo rm ed  a t P= 9 a tm . The ra d iu s  and volume 
of the bubble would th e reb y  be m ain ta ined . The ex cess  of 
d isso lv ed  N2 in 1 m l of su p e rsa tu ra te d  so lu tion  would a lso  re m a in  4 • 10 17 
m o lecu les. However, the num ber of m o lecu les in the bubble fo rm ed  will 
not be 5 • 107, but 5 tim e s  m o re , 25 ■ 107.

T h e re fo re , if the d ifference  Pt—P did not change with in c re a se  in P0, 
the p ro b ab ility  tha t 5 ■ 10T m o lecu les  of N2 w ill go into the bubble f rom 
1 m l of so lu tion  contain ing an e x c e ss  of 4- 10”  m o lecu les  would be the 
sam e a s  the p ro b ab ility  that 25- 107 N2 m olecu les will go into the bubble 
from  1 m l of so lu tion  contain ing  the sam e 4- 10”  m o lecu les  in ex cess , 
which is im po ssib le .

F rom  the ca lcu la tio n  p re se n te d  it  follow s tha t with in c re a se  in P0 the 
ra d iu s  of the bubble should d e c re a se  m arked ly , and the d iffe rence  P„—P> 
n e c e s sa ry  fo r  the fo rm atio n  of the bubble should in c re a se , which is  in 
ag reem en t with the ex p erim en ta l data obtained. A ccord ing  to equation (2), 
the ra tio  P„ / P changes le s s , as  a re s u lt  of the fac t tha t with in c re a se  in 
P„ the reduction  of r is  com pensated  fo r by the in c re a se  o c c u rrin g  in P.
At the c r i t ic a l  point of the solu tion , at which 0 = 0 ,  in acco rd an ce  with 
equations (1) and (2) the d iffe rence  P^—P = 0, and the ra tio  P„ /  p equals 1.

C onclusions

At a te m p e ra tu re  of 25° we d e te rm ined  the su p e rsa tu ra tio n  co effic ien ts  
of so lu tions of H e- H2O and N2- H2O in the p re s s u re  range from  1 to 
160 atm ; fo r  the C02~ H2O solution , in the p r e s s u re  range  from  1 to 60 atm ; 
in He- CgHg, N2- C6H6, and CO2- CgHg, in the p r e s s u re  range from  1 to 
8 a tm . As a re su lt  of the in v estiga tion  m ade, the follow ing was determ ined .

1. With in c re a se  in the tension  of the d isso lv ed  gas, SC d e c re a se s  
g rad u a lly  in a ll so lu tions.

2. The reduction  of SC with in c re a se  in the tension  of the d isso lved  gas 
is  o b se rv ed  to a g re a te r  deg ree  in so lu tions of a gas re a d ily  soluble in 
fluid than  in so lu tions of a gas poorly  soluble in fluid.

3. In a ll c a se s , with in c re a se  in P t the ra tio  p„/p is  m ore  stab le  than 
the d iffe ren ce  P 3—P. 16
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A. P . B restk in , P . M. G ram en itsk ii, and N. Ya. Sidorov

STUDY OF THE SAFE SUPERSATURATION OF THE BODY WITH 
IN D IFFEREN T GASES AT D IFFER EN T PRESSURES

(Issledovanie  bezopasnogo p e resy sh ch en iy a  o rg an izm a  ind ifferen tnym i 
gazam i p r i  raz lichnykh  davleniyakh)

In studying the m echan ism  of developm ent and p a r tic u la r ly  of p reven tion  
of d ecom pression  d iso rd e rs , it is  v e ry  im p o rtan t to d e te rm in e  the deg ree  
of su p e rsa tu ra tio n  of the an im al o r  hum an body with in d iffe ren t g a se s  at 
which the f i r s t  sym ptom s of th e se  d iso rd e rs  o ccu r. In the ex p erim en ta l 
de te rm in a tio n  of the value of th is  su p e rsa tu ra tio n  and in its  quantita tive 
c h a ra c te riz a tio n , it is  e s se n tia l to co n sid e r a num ber of c irc u m s ta n c e s  
a sso c ia te d  with the spec ific  p ro p e r tie s  of the su p e rsa tu ra te d  g as-  fluid 
so lu tions th em se lv es  and with the body 's re a c tio n s  to gas bubbles fo rm ed  
in the t is s u e s  and p a r t ic u la r ly  in the blood.

C h a ra c te r iza tio n  of D ifferen t C ases  of S u p e rsa tu ra tio n  of 
the Body with Ind ifferen t G ases

A solution  in which the tension  of the d isso lved  gas P„ is  g re a te r  than 
the am bient p r e s s u re  P is  ca lled  a su p e rsa tu ra te d  g a s - f lu id  solu tion . 
T h ere fo re , the deg ree  of su p e rsa tu ra tio n  of such a so lu tion  m ay be 
c h a ra c te r iz e d  e ith e r  by the ra tio  P„/P, by the d iffe rence  Po—P , o r  s im ply  
by the value P0 , keeping P s t r ic t ly  constan t, e. g . , equal to 1 atm . 
S u p e rsa tu ra ted  g as- flu id  so lu tions like a ll o th e r su p e rsa tu ra te d  so lu tions 
a re  m e ta s tab le  sy s te m s  and from  a s t r ic t ly  th e o re tic a l view point, s tab le  
gas bubbles can be fo rm ed  in them  a t any deg ree  of sa tu ra tio n  if the 
condition P 0> P ‘>P is  fu lfilled , w here P 'is  the p r e s s u re  in the gas bubble 
(B restk in , 1958). In th o se  c a se s  w here, as a re su lt  of fluctuation  in  the 
su p e rsa tu ra te d  solution, a gas bubble with an exceeding sm a ll rad iu s  
is  fo rm ed  with a su rfa c e  ten sio n  coeffic ien t of a , it is  u n stab le  and
d isa p p e a rs  quickly, b ecause , acco rd in g  to the L aplace fo rm u la  P '—P= y ,  
the  p r e s s u re  in it re a c h e s  a high fig u re , exceeding P0.

It h as  been proved  (V olm er and W eber, 1926; B eck er and D uring, 1935) 
th a t the p rob ab ility  of fo rm atio n  of stab le  gas bubbles in  the su p e rsa tu ra te d  
so lu tion  is  g re a te r  with in c re a se d  d eg rees  of su p e rsa tu ra tio n . B ecause 
of the p u re ly  p ro b a b ilis tic  n a tu re  of gas fo rm atio n  induced by random  
accum ulation  of num erous f re e  gas m o lecu les  a t any point in  the s u p e r­
sa tu ra te d  solu tion , the value of the c h a ra c te r is t ic  su p e rsa tu ra tio n  at which
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the f i r s t  s tab le  gas bubble is  fo rm ed  in a c e r ta in  p e rio d  of tim e  is  not 
co n stan t, even with s t r ic te s t  o b se rv an ce  of cond itions fo r  p re p a ra tio n  and 
subsequen t o b se rv a tio n  of th is  so lu tion . T h e re fo re , in the ex p e rim en ta l 
d e te rm in a tio n  of th is  su p e rsa tu ra tio n  value, g re a t d ifficu ltie s  a r is e .  As 
is  well known, i ts  value is  d e te rm in ed  by m eans of a su c c e ss iv e  in c re a s e  
in the d eg ree  of su p e rsa tu ra tio n  by the sam e  m agnitude until a gas bubble 
ap p e a rs  in the given solu tion  in a c e r ta in  p e rio d  of tim e .

S u p e rsa tu ra tio n  is  in c re a se d  by two m eans: e ith e r  by in c re a s in g  the 
ten sio n  of the d isso lv ed  gas Pa a t a given am bien t p r e s s u r e  P o r  by 
reduc ing  p  and keeping P* co n stan t. Let us c o n s id e r the  f i r s t  m ethod.

Suppose no gas bubble fo rm a tio n  is  o b se rv ed  in a  20 m inute p e rio d  
in a s u p e rsa tu ra te d  so lu tion  of w a te r-h e liu m  with P 0 = 2.4 atm  w here  the 
am bien t p r e s s u re  is  P = 1 a tm , while gas bubbles a r e  fo rm ed  in  a w a te r-  
helium  so lu tion  with P 0 = 2.6 atm  under the sam e  cond itions ( P = 1 atm  
and t = 20 m in). E vidently , the d eg ree  of su p e rsa tu ra tio n  P 0,  sought in 
the h e liu m - w a te r so lu tion  is  betw een the f ig u re s  found e m p iric a lly ,
2 .4- 2.6 atm .

The concept of "m axim um  su p e rsa tu ra tio n , " a t which no ga6- bubble 
fo rm atio n  is  o b se rv ed  in the su p e rsa tu ra te d  so lu tion  and the concept of 
"m inim um  su p e rsa tu ra tio n , " a t which g as-  bubble fo rm atio n  does o c c u r 
is  the sam e  a s  the concept P ju s t  a s  two v a r ia b le s  app ro ach in g  a com m on 
lim it from  above and below coincide a t the lim it.

The ex ac t value of P 0t m ay be found in the study  of so lu tio n s with 
d iffe ren t P 0» 's  w ithin the  2.4 and 2.6 atm  range  and d iffe rin g  fro m  one 
an o th e r by an in fin ite ly  sm a ll f ig u re . H ow ever, th is  m eans a c c u ra te  
d e te rm in a tio n  of Ptx is  im p o ssib le  because  of i ts  c h a ra c te r is t ic  inconstancy . 
If, inc iden ta lly , we c o n s id e r v a ria tio n s  in  the ex p e rim en ta l m e a su re m e n ts , 
it becom es c le a r  th a t even fo r  the s im p le s t s u p e rsa tu ra te d  so lu tions 
co n sis tin g  of one gas and a p u re  flu id  we can speak  only of so m e av erag e  
values fo r  the su p e r sa tu ra tio n , P0, which m u st be ca lcu la ted  fro m  quite 
a la rg e  num ber of o b se rv a tio n s .

Q uan tita tive ly , the su p e rsa tu ra tio n  co rresp o n d in g  to  P„x is  c h a ra c te r iz e d  
e ith e r  by the su p e rsa tu ra tio n  coeffic ien t SC = p * / p  o r  by the d eg ree  of 
su p e rsa tu ra tio n  SC = Pt—P,  o r  s im p ly  P„ with P given.

In acco rd an ce  with the above, the su p e rsa tu ra tio n  coeffic ien t SC should 
m ean  e ith e r  the m axim um  ra tio  of the tension  of the d isso lv ed  gas P 0 to 
the p r e s s u r e  in the so lu tion  P, a t which no gas bubble fo rm atio n  o c c u rs  in 
a given p e rio d  of tim e , o r , what is  the sam e  thing, the m in im um  ra tio  of 
the ten sio n  of the d isso lv ed  gas P n to  the p r e s s u r e  in  the so lu tion  P a t 
which the f i r s t  gas bubbles a re  fo rm ed  in a given p e rio d  of tim e . The 
d eg ree  of su p e rsa tu ra tio n  P*—P should be d e te rm in ed  in a s im ila r  way.

When dealing  with the su p e rsa tu ra tio n  co e ffic ien ts  of the body tis s u e s  
with in d iffe ren t g a se s , the cond itions under which they  have been d e te r ­
m ined  should alw ays be co n sid e red . Thus, in the e x p e rim e n ts  of 
A. P . B re s tk in  (1958) ra b b its  w ere  k illed  in a p r e s s u r e  ch am b er a f te r  being 
un d er p r e s s u r e  fo r  4 h r s .  A fter red u c tio n  of the p r e s s u r e  to n o rm a l, an 
o b se rv a tio n  w as m ade of g a s-  bubble fo rm a tio n  in  v a rio u s  t is s u e s  of the 
dead bod ies, and the  va lu es  of SC w ere  found fo r  synov ial flu id , blood, 
bone m arro w , and fa t. The data of th e se  e x p e rim e n ts  d iffe rs  su b s ta n tia lly  
from  the r e s u l ts  of s h o r t-  te rm  ex p e rim en ts  in which, follow ing decom ­
p re s s io n , gas fo rm atio n  in the  blood and o th e r  t is s u e s  of the an im a l is
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o b serv ed  i n t r a  v i t a m .  In the fo rm e r  ca se  the t is su e s  a re  in an in ­
active s ta te , and should be reg a rd ed  as physicochem ical m edia  in which, 
at c e r ta in  d eg rees  of su p e rsa tu ra tio n , gas bubble fo rm atio n  o ccu rs  
(physical SC). In the la t te r  ca se  an investiga tion  is  m ade of the capacity  
of the t is s u e s  fo r re ta in in g  the d isso lved  ind ifferen t gas in a s ta te  of 
su p e rsa tu ra tio n  during  the c o u rse  of th e ir  ac tiv ity  (physio logical SC). It 
has been proved  (H arvey, 1944, 1945, and 1951) tha t the blood pulsation  
and m uscle  co n trac tio n s  co n sid e rab ly  fa c ilita te  gas bubble fo rm atio n  in 
the body.

S u p ersa tu ra tio n  at which the f i r s t  s igns of d eco m p ressio n  s ick n ess  
o ccu r in m an and an im a ls  is  of p a r tic u la r  in te re s t .  As is  well known 
(P irogov, 1852; P ashu tin , 1881; B restk in , 1954; V avilov and 
G ram en itsk ii, 1958), the body can e lim ina te  a co n sid e rab le  quantity  of 
f re e  ind iffe ren t gas w ithout ap p rec iab le  c r i t ic a l  functional d iso rd e rs . 
T h ere fo re , the value of th is  su p e rsa tu ra tio n , of p rim e  im p o rtan ce  in the 
study of the developm ent and preven tion  of d eco m p ress io n  d iso rd e rs , 
c h a ra c te r iz e s  not only the capacity  of the t is su e s  fo r re ta in in g  the 
d isso lved  ind iffe ren t gas in a su p e rsa tu ra te d  s ta te , but a lso  the com pen­
sa to ry  re a c tio n s  of the body d irec ted  at e lim in a tin g  f re e  gas.

This dangerous but s t i l l  p e rm is s ib le  su p e rsa tu ra tio n  is  quan tita tive ly  
e x p re sse d  in th ree  ways: e ith e r  by the ra tio  P„Ip , ca lled  the p e rm is s ib le  
su p e rsa tu ra tio n  coeffic ien t (PSC), o r  by the d iffe ren ce  P a—P, ca lled  the 
p e rm iss ib le  su p e rsa tu ra tio n  value [velichina], o r  sim ply  by the fig u re  P„ 
with an am bient p re s s u re  of 1 atm , which, a t the suggestion  of I. I. Savichev, 
is  ca lled  the lim it. If the am bient p r e s s u re  is  not equal to 1 atm , the 
lim it is  ca lcu la ted  from  the fo rm ula  P 0—(P—i ) ^ P 0—P-\-i, w here P—1 is  
the m an o m etric  o r  e x cess  p re s s u re ,  i. e ., the p r e s s u re  m e asu red  with 
a m an o m eter.

Of th ese  th re e  p o s s ib ilitie s , the PSC m ethod is  best. This conclusion  
was draw n a lso  by H aldane (1908), who, in ex p erim en ts  with goats, found 
that with in c re a se  in the tension  of the d isso lved  in d iffe ren t gas, the ra tio  
of p r e s s u r e s  is  m o re  s tab le  than the d ifference.

It should be noted th a t the Haldane coeffic ien t (HC) is  the ra tio  of the 
tension  of the d isso lved  gas (usually  n itrogen), p„ , in the body t is s u e s  to 
the p a r tia l  p r e s s u re  of th is  gas in the inhaled a ir ,  Py, a f te r  d eco m p ressio n .

80
HC is  re la te d  to the PSC by the follow ing form ula: PSC = HC -̂ qq = 0.8 HC,

w here 80 is  the p ercen tag e  of n itrogen  in the inhaled a ir .
H aldane 's  m ethod of ex p re ss in g  su p e rsa tu ra tio n  cannot be co n sid ered  

c o rre c t:  it is  a t va rian ce  with physicochem ical concepts of su p e rsa tu ra te d  
so lu tions and leads to confusion in the ca lcu la tio n s when a r tif ic ia l  
b rea th in g  m ix tu re s  a re  used  (B restk in , 1952). When a p e rso n  begins to 
b rea th e  p u re  oxygen at n o rm al p re s s u re ,  the ra tio  p0 / Pn. re a c h e s  a much 
h ig h er fig u re  than when a d iv e r r i s e s  rap id ly  from  g rea t depths. W hereas 
in the f i r s t  case , th e re  is  no n itrogen  su p e rsa tu ra tio n  of the body, 
f , - f = 0 .8 - k 0  , in the second case  the n itrogen  su p e rsa tu ra tio n  re a c h e s
an exceedingly  high fig u re : P„—P>o . At p re se n t the Haldane coeffic ien t
is  not used, but h is conclusions about the re la tiv e  constan t of the p re s s u re  
ra tio  with in c re a se  in p„ con tinues, in o u r opinion, to be valid .

E x p erim en ta l de te rm in a tio n  of the PSC in m an and an im als  p re se n t 
m uch g re a te r  d ifficu lties than the d e te rm in a tio n  of the SC fo r  so lu tions of 
gas in the p u re  fluid. H ere, aside  from  v a ria tio n s  in su p e rsa tu ra tio n  at
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w hich gas bubble fo rm atio n  begins, the v a r ia b ility  of the body 's  re a c tio n  
to gas fo rm atio n , which is  of incom parab ly  g re a te r  im p o rtan ce , m u s t 
a lso  be co n sid e red . Even with s t r ic te s t  o b se rv an ce  of conditions, 
id en tica l body re a c tio n s  of the an im als  d ire c te d  a t e lim in a tio n  of the gas 
bubbles fo rm ed  cannot be a s su re d . T his is  evidenced in the w ork by
V. A. A ver'yanov , P . M. G ram en itsk ii and A. A. Savich (1961), which show s 
th a t with sy s te m a tic  re p e titio n  of the ex p e rim en ts  fo r  d e te rm in in g  the 
PSC in dogs, i ts  value in c re a s e s  sh a rp ly , i. e ., a d is tin c tiv e  tra in in g  of 
the o rg an ism  is  o b se rv ed . Only when the b o d y 's  re a c tio n  to  the  gas 
bubbles fo rm ed  b ecom es co nstan t does the value of the PSC in the tra in e d  
an im al becom e m o re  o r  le s s  co nstan t a lso .

N atu ra lly , th e re  is  a c e r ta in  am ount of r is k  in u sin g  the ex p e rim en ta lly  
d e te rm in ed  PSC to ca lcu la te  d eco m p ressio n  cond itions. T h e re fo re , a 
co n sid e rab ly  sm a lle r  f ig u re  is  used , ca lled  e ith e r  the  ca lcu la ted  PSC o r, 
m o re  frequen tly , the safe  su p e rsa tu ra tio n  coeffic ien t (SSC). F ro m  what 
h a s  been s ta te d  it  fo llow s th a t the te rm  PSC is  su b s ta n tia lly  d iffe ren t from  
the te rm  SSC. The p e rm is s ib le  su p e rsa tu ra tio n  coeffic ien t (PSC) is  the 
ra tio  of the ten sio n  of an in d iffe ren t gas P„ d isso lv ed  in the body t is s u e s  
to the ou tside  p re s s u re  P, a t which the f i r s t  m ild  sym ptom s of decom ­
p re s s io n  s ic k n e ss  o c c u r in  m an o r  an im al. The safe  su p e rsa tu ra tio n  
coeffic ien t (SSC) r e p re s e n ts  the ra tio  of the ten sio n  of the  gas P 0 d isso lved  
in the body t is s u e s  to the o u tside  p r e s s u r e  P , a t which i t  is  known th a t 
no sym ptom s of d eco m p ress io n  s ic k n e ss  o ccu r, even the m ild e s t.

In ca lcu la tin g  d eco m p ress io n  conditions of d iv e rs  com ing up fro m  g re a t 
dep ths the  SSC is  used , which is  two th ird s  o r  even half of the PSC. 
H ow ever, even when the d iv e rs  com e up acco rd in g  to ca lcu la ted  cond itions 
s e v e re  fo rm s  of ca isso n  d ise a se  freq u en tly  o ccu r. B ecause  of th is , som e 
s p e c ia l is ts  (Behnke, 1937; Savichev and B ukharin , 1957) believe  th a t the 
d eep e r the d iv e rs  descend , i. e . , with in c re a se  in .P 0, the ra tio  p 0 /  p  
d e c re a s e s  sh a rp ly , while the d iffe rence  P n—P re m a in s  re la tiv e ly  co n stan t. 
To p ro v e  th is , 1 .1. Savichev and A. N. B ukharin  p e rfo rm e d  e x p e rim e n ts  on 
two guinea p igs, in which the c h a ra c te r is t ic  lim it was f i r s t  d e te rm in ed  
fo r  each  an im al, i. e ., the  m axim um  value of P0 which, a t an am bien t 
p r e s s u r e  of 1 a tm , does not yet cau se  d eco m p ressio n  sym ptom s, and 
then  ex p e rim en ts  w ere p e rfo rm e d  with the so - ca lled  double lim it. The 
an im als  w ere  s a tu ra te d  with n itrogen  fo r  6 h rs , a t a p a r t ia l  p r e s s u re  
tw ice the lim it, a f te r  which the depth w as changed to c o rre sp o n d  to the 
lim it; th is  w as m ain ta ined  fo r  an o th er 6 h rs , and then  a change w as m ade 
to su rfa c e  p re s s u re .  No d eco m p ress io n  d is o rd e rs  in the guinea p ig  w ere  
noted by the a u th o rs . In two o th e r ex p e rim en ts , w here the depth of the 
f i r s t  stop was d e te rm in ed  on the b a s is  of the coeffic ien t, i. e ., by the 
am ount it  w as p e rm is s ib le  to red u ce  the p r e s s u re ,  the au th o rs  re c o rd e d  
p ronounced  d eco m p ress io n  d is o rd e rs  in the an im a ls . H ence, they 
concluded th a t the m e a su re  of p e rm is s ib le  su p e rsa tu ra tio n  of the body with 
n itro g en  is  the d iffe rence  betw een the ten sio n  of th is  gas and the m ano- 
m e tr ic  p r e s s u re ,  r a th e r  than  the ra tio  p „ / p  . T his da ta  is  in  no way 
adequate  fo r  so lv ing  the p rin c ip le  p rob lem  of the m ain  cond itions d e te rm in ­
ing gas fo rm a tio n  which lead s to  developm ent of functional d is o rd e r s  in the 
body during  d eco m p ress io n . In connection  with th is , we p e rfo rm e d  the 
ex p e rim en ts  p re se n te d  below.

21



Method

The ex p e rim en ts  w ere p e rfo rm ed  on five dogs and six  c a ts . We f i r s t  
d e te rm in ed  fo r  each an im al the m axim um  tension  of d isso lved  n itrogen  
(p„) at which under n o rm al p re s s u re  conditions (pn) no d eco m p ressio n  
d iso rd e rs  o ccu r. F o r th is  p u rp o se , the an im als  w ere kept fo r  4 o r  6 h rs  
under p r e s s u re s  of 2.2 atm  o r  h ig h er with subsequent rap id  deco m p ressio n  
to no rm al p re s s u re .  The p re s s u re  in each subsequent ex p erim en t was 
in c re a se d  by 0.2 atm  until sym ptom s of d eco m p ressio n  d is o rd e rs  developed 
in the an im al. The n itrogen  tension  p„ re c o rd e d  in p rev io u s ex p erim en ts , 
in which no d eco m p ressio n  sym ptom s w ere  noted, was taken  a s  the m e a su re  
of re s is ta n c e  of the given an im al to  d eco m p ressio n  d is o rd e rs . T his value 
P, , acco rd in g  to the concepts of 1.1. Savichev and A. N. B ukharin, c h a ra c ­
te r iz e s  the lim it fo r  the an im al; under the given conditions it re p re s e n ts  
the sa fe  su p e rsa tu ra tio n  coeffic ien t of the body, SSC = p ,  /  Pn = p 0 1 1 =P„.
In the case  of d eco m p ressio n  from  high p re s s u re s  but to som e o th e r 
p re s s u re  than no rm al, the values fo r  the lim it and the SSC d iverge 
m arked ly . In acco rd an ce  with the above, we took a value fo r  the SSC not 
m uch d iffe ren t from  the PSC.

A fte r the de te rm in a tio n  of the p„ value fo r each  of the ex p erim en ta l 
an im a ls , the b asic  ex p e rim en ts  w ere p e rfo rm ed . The an im a ls  w ere 
p laced  under a p r e s s u re  of Pi fo r  4 o r  6 h rs , o r  one from  which they  m ight 
be taken out with a sing le  4 o r  6 hour stop a t a p r e s s u re  of P , keeping 
constan t SSC = P a es ta b lish e d  fo r th is  an im al, both in the c a se s  of 
d eco m p ressio n  befo re  the stop and with subsequent d eco m p ress io n  to n o rm al 
p r e s s u re  Pn . In o th e r w ords, P and sa tis f ie d  the follow ing conditions:

F rom  condition (2) we have P = p , / 0.8. By su b stitu tin g  the value of P 
found into condition  (1), we d e te rm in e  the value of T, :

In a num ber of ex p e rim en ts , the values of Pt and p  w ere ca lcu la ted  
from  fig u res  le s s  than P „ , since  acco rd in g  to ex isting  data (Boycott, Dam ant, 
and H aldane, 1908; B res tk in , 1952; Z a l 'tsm a n  and Z inov 'eva, 1963), the 
SSC d e c re a se s  with in c re a se  in the tension  of the d isso lved  ind iffe ren t gas.

The dogs and c a ts  w ere o b se rv ed  continuously  during  the ex p e rim en ts , 
and a ca re fu l re c o rd  w as m ade of ev e ry  o cc u rre n ce  of d e c o m p re s­
sion  d iso rd e rs , both a f te r  the f i r s t  stop and a f te r  final d eco m p ressio n  at 
the su rfa c e . U nquestionable s igns of deco m p ressio n  d is o rd e rs  in dogs 
w ere  of the "bends" type in the lim bs; in ca ts , e ith e r  the sam e  sym ptom s 
o r  m ark ed  change in the g en era l condition — lo ss  of coord ination  of 
m ovem ents, s e v e re  gen era l inhibition  and in tense  dyspnea.

( 1 )

( 2 )

p  .  Q  g

1 p  ' =  P„, from  which p, 
0J5

/y  /y
— (0.8)» — 0.64
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R esu lts  of the Investigation

The data of ex p erim en ts  on dogs is  given in Table 1. Colum n 2 of the 
tab le  ("depth co rresp o n d in g  to the p e rm iss ib le  su p e rsa tu ra tio n  value of 
the an im als  ") shows the m axim um  depths"' a t which, a f te r  2 hou rs, th e re  
w ere  no d eco m p ressio n  d is o rd e rs  in the an im als  a t n o rm al p re s s u re ; 
colum n 3 , the n itrogen  tension  in the body, P 0 (defined e ith e r  a s  the 
lim it o r  a s  the safe  su p e rsa tu ra tio n  coeffic ien t, SSC) is  shown co rresp o n d in g  
to th ese  depths. R epeated  d e te rm in a tio n s  of th is  value w ere m ade during  
the co u rse  of th e se  ex p erim en ts; in ag reem en t with the data of 
V. A. A ver'yanov, P . M. G ram en itsk ii, and A. A. Savich (1961), an in c re a se  
in r e s is ta n c e  to d eco m p ressio n  d iso rd e rs  was noted in som e dogs, i. e., 
th e re  was an in c re a se  in the SSC. C olum ns 4 and 6 give the depths c o r ­
respond ing  to p r e s s u re s  P, and P , and colum n 5 shows the values of the 
PSC from  which the P, and P values w ere ca lcu la ted . In colum n 7 the 
lim it f ig u re s  a re  given in the ca se  of d eco m p ressio n  from  the in itia l depth 
to a c e r ta in  stop  — P 0,i—P —l. Colum n 8 in d ica tes  the depths of the f i r s t  
s tops which m u st be used  in ex p e rim en ts  on the b as is  of the constancy  of 
the lim it, P0.i—P 0= P t , w here Px is  the m an o m etric  p r e s s u re  at the stop; 
when we m ultip ly  P, by 10 we obtain  the depth co rresp o n d in g  to the m ano­
m e tr ic  p r e s s u re  in m e te rs  of w ate r. The data  of the o th e r colum ns a re  
not needed in the explanations.

The r e s u lts  of the o b se rv a tio n s  p re se n te d  in Table 1 show tha t a t the 
f i r s t  stop d eco m p ress io n  d iso rd e rs  o c c u rre d  in only two ex p erim en ts; 
in one ca se  (experim en t on 2 N ovem ber) the coeffic ien t used  in the 
ca lcu la tion  was h ig h er than the PSC. A fter a scen t to the su rfa c e  d e c o m p re s­
sion  d is o rd e rs  o c c u rre d  in 4 out of 11 ca se s ; the o th e r seven  ex p erim en ts  
did not show th ese  d is o rd e rs .

The re s u lts  of the ex p erim en ts  on c a ts  a re  shown in Table 2. In th is  
s e r ie s  of ex p erim en ts , as a ru le , the f ig u re s  used  fo r  the PSC w ere 
usually  le s s  than those  e s tab lish ed  in p re lim in a ry  inv estig a tio n s. Two 
ex p erim en ts  w ere excep tions: in one (on 1 June) the coeffic ien t did not 
in c rea se ; in the o th e r (on 11 N ovem ber) it in c re a se d . Both th ese  e x p e ri­
m en ts ended in the death  of the an im als  a t the f i r s t  stop . Of the rem ain ing  
13 ex p erim en ts , d eco m p ressio n  d is o rd e rs  at the f i r s t  stop o c c u rre d  in 
only two c a se s . H ere the ac tu a l depths of the f i r s t  stops d iffe red  from  
those  ca lcu la ted  from  the lim it by an even g re a te r  ex ten t than  in ex p e rim en ts  
on dogs, desp ite  the fac t th a t the lim it used  was equal to P0 (colum n 
"coeffic ien t o r  lim it P„") w ithout reduction  of th is  value.

In only one of 11 com pleted  ex p erim en ts  did d eco m p ressio n  d iso rd e rs  
o ccu r in an an im al a f te r  final d eco m p ressio n . In the o th e r 10 ex p erim en ts  
both d eg rees  of d eco m p ressio n  o c c u rre d  without signs of d eco m p ressio n  
d iso rd e rs .

The r e s u lts  of th ese  ex p erim en ts  show that the safe  su p e rsa tu ra tio n  
coeffic ien t cannot be co n sid e red  the sam e fo r  d iffe ren t conditions: it
d e c re a se s  with in c re a se  in the abso lu te  p re s s u re  at which the body is 
sa tu ra te d  with the ind iffe ren t gas. It is  not yet p o ss ib le  to say  defin ite ly  
w hether th is  change in coeffic ien t is  based  ch iefly  on p hysicochem ica l ru le s  
and reg u la tio n s, o r  w hether a change in the body functions o c c u rs  *

* The accuracy of determination of these depths was within 2 m of water or 0.2 atm.
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which is a sso c ia te d  with the action  of depth fa c to rs . As fa r  a s  the lim it 
is  concerned , we cannot speak of its  constancy . With in c re a se  in the 
tension  of the ind iffe ren t gas it in c re a s e s  m arked ly . As the data of Table 2 
show, when the an im als  r is e  from  depths of 8 0 —100 m, the e s tab lish ed  
figu re  fo r  the PSC should be reduced  20—25%,  while value of the lim it 
should be in c re a se d  1.5—2 tim e s .

The data obtained shows o b jec tive ly  tha t the use of a constan t value fo r 
the lim it in the ca se  of d eco m p ressio n  from  high p r e s s u r e s  en ta ils  an 
in c re a se  in the depths of the f i r s t  s tops, which n e c e s s ita te s  a sub stan tia l 
in c re a se  in d eco m p ress io n  tim e . Thus, if ca t No. 2 was ra is e d  from  a 
depth of 105 m (experim en t of 11 N ovem ber, Table 2), u sing  constancy  of 
the lim it as  a guide, two 4 hour stops should be m ade ra th e r  than one — 
the f i r s t  at a depth of 61.6 m and the second at a depth of 27 m . All th is  
ind ica tes that the notion of lim it constancy  is  in c o rre c t, and its  application  
is  not reaso n ab le  fo r  ca lcu la tio n s of d eco m p ressio n  conditions.

C onclusions

1. It is  b e tte r  to d e te rm in e  the lim itin g  su p e rsa tu ra tio n  of the body 
t is s u e s  with an ind iffe ren t gas by the ra tio  of the gas tension  to the am bient 
p r e s s u re  a f te r  d eco m p ressio n  than by the d ifference  betw een th ese  f ig u re s .

2. The notion of constancy  of the lim it is  in c o rre c t: with in c re a se  in 
the tension  of the d isso lved  ind iffe ren t gas, the value of the lim it in c re a s e s  
sharp ly .

3. With in c re a se  in the tension  of the d isso lved  ind iffe ren t gas the value 
of the safe su p e rsa tu ra tio n  coeffic ien t (SSC) d e c re a s e s , which a g re e s  with 
the data of o th e r  a u th o rs .
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G. L. Z a l 'tsm a n  and I. D. Z inov 'eva

COMPARATIVE DETERMINATIONS OF THE PERM ISSIBLE SUPER­
SATURATION VALUE OF THE HUMAN BODY WITH IND IFFEREN T 

GASES UNDER D IFFER EN T CONDITIONS

(S ravn ite l'noe  op red e len ie  velich iny  dopustim ogo p e re sy sh ch en iy a  
o rg an izm a  cheloveka ind ifferen tnym i gazam i v raznykh usloviyakh)

The p e rm iss ib le  su p e rsa tu ra tio n  value of the body with an ind ifferen t 
gas was f i r s t  de te rm in ed  by H aldane (1906) in ex p e rim en ts  on an im als. 
Such d e te rm in a tio n s  w ere m ade on hum an beings by A. N. B ukharin (1958), 
I. A. A leksandrov  and A. P . B re s tk in  (1964).

Method

The deg ree  of p e rm is s ib le  su p e rsa tu ra tio n  has been de te rm in ed  in the 
follow ing way. F o r  6 h rs  (tim e needed fo r  com plete  sa tu ra tio n  of the body 
with the in d iffe ren t gas, in H aldane 's  opinion) the su b jec ts  w ere  under in ­
c re a se d  p re s s u re ,  a f te r  which rap id  d eco m p ressio n  w as conducted (for 
1 — 2 m in). The p re s s u re  from  one de te rm in a tio n  to the next in c re a se d  
0.2 o r  0.3 atm  un til the su b jec ts  developed the f i r s t  s ig n s of d eco m p ressio n  
d iso rd e rs  on leav ing  the cham ber.

To sim p lify  the m ethod d esc rib ed , we w orked out an a c c e le ra te d  m ethod 
fo r the sam e d e te rm ina tion . It has been shown (Z a l'tsm an , 1961) tha t fo r 
d e te rm in ing  the p e rm is s ib le  su p e rsa tu ra tio n  value com plete  sa tu ra tio n  of 
the body with an ind iffe ren t gas is not n e c e ssa ry , s in ce  the d u ra tion  of 
th is  p ro c e ss  is  ac tua lly  m uch longer than 6 h r s . M aintaining the sam e 
p rin c ip le  in the de te rm ina tion , the p e rm is s ib le  su p e rsa tu ra tio n  value m ay 
be e s tab lish ed  by keeping the su b jec ts  under p re s s u re  fo r  m uch s h o r te r  
p e rio d s (5 — 90 m inutes) but under h ig h er p r e s s u re s .

It should be sp ec ia lly  noted tha t in both the 6 hour and a c c e le ra te d  
m ethod, the appearance  of the f i r s t  sub jec tive  and ob jective s igns of 
d eco m p ressio n  sick n ess  c o n stitu te s  the ind ication  of su p e rsa tu ra tio n . This 
has a su b stan tia l e ffect on the accu racy  of the d e te rm in a tio n s . G re a te r  
accu racy  th e re fo re  can be obtained by co m p ara tiv e  d e te rm in a tio n s  of the 
p e rm is s ib le  su p e rsa tu ra tio n  value m ade in the sam e su b jec ts  under 
d iffe ren t conditions.

In the p re se n t study the e ffec ts  of such im p o rtan t conditions a s  b rea th in g  
v a rio u s  gas m ix tu re s  and the action  of v a rio u s ex te rn a l p r e s s u re s  w ere
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eva lua ted  a cco rd in g  to  the data  of a co m p ara tiv e  d e te rn fin a tio n  of the 
p e rm is s ib le  su p e rsa tu ra tio n  value.

In the  f i r s t  s e r ie s  of in v estig a tio n s on th re e  su b jec ts  (p ro fessio n a l 
d iv e rs)  a co m p ara tiv e  d e te rm in a tio n  was m ade of the p e rm is s ib le  su p e r-  
s a tu ra tio n  value a f te r  the inhala tion  of a ir ,  20 % h e liu m - oxygen m ix tu re , 
a 50% a ir -h e l iu m  m ix tu re  (50% helium , 39.6% n itro g en  and 10.4% 
oxygen) and a 75% a ir -h e l iu m  m ix tu re  (75% helium , 19.8% n itro g en  and 
5.2% oxygen)*. The su b jec ts  w ere  p laced  in a d ry  c o m p re ss io n  ch am b er 
w here they  used  a s e lf -  contained  b rea th in g  a p p a ra tu s  (the c a n n is te rs  of 
the a p p a ra tu s  w ere  ch a rg ed  with su b stan ce  0- 3). The com position  of the 
inhaled  gas m ix tu re  w as checked  p e r io d ic a lly  by gas a n a ly s is . The co m ­
p re s s io n  la s te d  1 — 2 m in. The tim e  spen t un d er in c re a se d  p re s s u r e  was 
exac tly  1 h r , a f te r  w hich d eco m p ress io n  fo r  2 — 2.5 m in  was conducted. In 
the  f i r s t  d e te rm in a tio n  the  p r e s s u r e  w as in c re a se d  to  3 atm , and in  a ll 
subsequen t d e te rm in a tio n s  m ade a f te r  2—3 days, it w as in c re a se d  by
0.25 atm , un til the f i r s t  s ig n s  of d eco m p ressio n  s ic k n e ss  ap p ea red  a f te r  
d eco m p ressio n . T h e re fo re , the p e rm is s ib le  su p e rsa tu ra tio n  value was 
d e te rm in ed  with an acc u ra cy  of 0.2 — 0.24 atm . In itia lly , the d e te rm in a tio n s  
of the  p e rm is s ib le  su p e rsa tu ra tio n  value w ere m ade with the su b je c ts  
b rea th in g  a ir ,  then  h e liu m - oxygen, a i r -  helium  m ix tu re s , and again  with 
a ir .

In the next s e r ie s  of in v estig a tio n s a co m p ara tiv e  d e te rm in a tio n  w as 
m ade of the p e rm is s ib le  su p e rsa tu ra tio n  value in two su b jec ts  a t d iffe ren t 
in itia l p r e s s u r e s .  In o rd e r  to d e te rm in e  how the p e rm is s ib le  su p e rsa tu ra tio n  
value v a r ie s  in acco rd an ce  with the in itia l p r e s s u re  leve l it was n e c e s s a ry  
to  ob tain  a t le a s t  th re e  po in ts fo r  co n stru c tio n  of the cu rv e , th a t is , to 
d e te rm in e  the p e rm is s ib le  su p e rsa tu ra tio n  value fo r  th re e  d iffe ren t 
in itia l p r e s s u r e s  in the sam e su b jec ts . The p re s s u re  fo r  safe  su rfa c in g  
se rv e d  as the f i r s t  point, n o rm al a tm o sp h eric  p r e s s u re  with subsequen t 
ra re fa c tio n  a s  the second, and the g re a te s t  p re n a rc o tic  p r e s s u r e  of the  a i r  — 
7 a tm  w as se le c te d  as the th ird . The m axim um  p e rm is s ib le  p r e s s u re  
drop  was then de te rm in ed .

The m ethod of d e te rm in a tio n  was the follow ing. By the 6 hour m ethod 
a d e te rm in a tio n  was m ade of the p e rm is s ib le  su p e rsa tu ra tio n  value fo r  the 
m axim um  p re s s u re ,  which m ay be rap id ly  reduced  to n o rm al w ithout signs 
of d eco m p ress io n  s ick n ess .

The p e rm is s ib le  su p e rsa tu ra tio n  value fo r  a tm o sp h eric  p r e s s u re  was 
d e te rm in ed  in a vacuum  p re s s u re  cham ber. In the f i r s t  d e te rm in a tio n  the 
p r e s s u r e  w as red u ced  to 0.405 atm  (which co rre sp o n d s  to an a ltitude  of 
6000 m ). The su b je c ts  rem ain ed  un d er th is  p r e s s u re  in an oxygen ap p a ra tu s  
fo r  an hour. In each su c c e ss iv e  d e te rm in a tio n  the p r e s s u re  was reduced
0.1 atm  un til the f i r s t  signs of d eco m p ress io n  s ick n ess  o c c u rre d  in the 
su b je c ts  when held  at a stop**. The du ra tion  of the f i r s t  stop , a s  in the 
p rev io u s  d e te rm in a tio n s , was 1 h r : a s  w as de te rm in ed  p rev io u sly , the 
sy m ptom s of d eco m p ress io n  s ic k n e ss  u su a lly  o ccu r w ithin a h a lf -h o u r  when 
the safe  p r e s s u r e  drop is  exceeded.

* The 75% air-helium  mixture was enriched with oxygen so that its partial pressure "at ground level" was
0.2 a m .

* * With the appearance of signs of decompression sickness the pressure was raised again to 7 atm . The 
subjects were kept at this pressure until the com plete disappearance of signs o f  the disorder, after which 
decompression according to a specially calculated routine was used.
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R esu lts  of the Investigation

The r e s u l ts  of the f i r s t  s e r ie s  of inv estig a tio n s, given ih Table 1, show 
th a t the m axim um  p re s s u re  which m ay be sa fe ly  reduced  to n o rm a l a f te r  
an hour' s exposu re  depends on the ind iffe ren t com ponent of the b rea th in g  
m ix tu re . Thus, with the h e liu m -o x y g en  m ix tu re  th is  p r e s s u r e  w as 0 .5 — 1.0 
atm  g re a te r  than when b rea th in g  a ir ;  with a i r -h e l iu m  m ix tu re s , 0 .25—
0.5 atm  g re a te r  than with the h e liu m -o x y g en  m ix tu re . S ignificantly , 
the p e rm is s ib le  su p e rsa tu ra tio n  value of the n itro g en  of the a i r  w as con­
f irm e d  on a re p e a t de te rm in a tio n . On the b a s is  of the r e s u l ts  of the 
d e te rm in a tio n s  the co e ffic ien ts  and the d iffe ren ces  c h a ra c te r iz in g  the 
value of the safe  su p e rsa tu ra tio n  of the body with n itrogen , helium  and 
th e ir  m ix tu re s  m ay be ca lcu la ted  (Table 1).

It should be noted tha t the  n a tu re  of the sym ptom s of d eco m p ress io n  
s ic k n e ss  which o c c u rre d  d iffe red  su b s ta n tia lly  with the v a rio u s  gas 
m ix tu re s . Thus, on b rea th in g  a ir  the f i r s t  sym ptom  was b rie f , p a in le ss  
itch ing  of the skin . On b rea th in g  20% heliu m - oxygen the only sym ptom s 
o b se rv ed  w ere  deep m u sc le  p a in s , a f te r  which it  w as u su a lly  n e c e s s a ry  to 
p e rfo rm  th e rap eu tic  re c o m p re ss io n . A fte r b rea th in g  50% a ir -h e l iu m , 
sym ptom s o c c u rre d  which w ere  u su a lly  "m ixed" in n a tu re ; how ever, 
pa in fu l se n sa tio n s  w ere  v e ry  slig h t, and so m etim es  did not o c c u r at a ll.
On b rea th in g  a  75% a ir -h e l iu m  m ix tu re  the sym ptom s w ere  u su a lly  of a 
"helium " c h a ra c te r .

TABLE 2
Results of determination of the permissible supersaturation value of the body with the nitrogen of the 

air at different initial pressures (in  atm)

Minimum dangerous pressure drop Maximum safe pressure drop
Degree of permissible 

supersaturation

initial
pressure

partial
nitrogen
pressure

highest safe 
pressure for 

first stop

initial
pressure

partial
nitrogen
pressure

highest safe 
pressure for 

first stop

increased
nitrogen
pressure

(difference)

coefficient

1.0 0.8 0.405 1.0 0.8 0.465 0.335 1.72

2.3 1.84 1.0 2.2 1.76 1.0 0.76 1.76

7.0 5.6 4.2 7.0 5.6 4.3 1.3 1.3

N o t e .  The permissible supersaturation value was calculated for tissues which were com pletely  
saturated with nitrogen during a 6 tiour stay under pressure.

The re s u l ts  of the next s e r ie s  of d e te rm in a tio n s  of the p e rm is s ib le  
su p e rsa tu ra tio n  value w ere  the sam e  in both su b je c ts  (T able 2). A s follow s 
from  the data  of the tab le , the p e rm is s ib le  su p e rsa tu ra tio n  value changes 
su b stan tia lly  depending on the p re s s u re  a t which the d e te rm in a tio n  was 
m ade. The h ig h er the in itia l p r e s s u re  the g re a te r  the p e rm is s ib le  su p e r-  
s a tu ra tio n  value. Thus, with in c re a se  in the p r e s s u r e  fro m  1.0 to  7.0 a tm , 
it  in c re a s e s  by 1 atm  (from  0.3 to  1.3 a tm ). H ow ever, if the  p e rm is s ib le
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su p e rsa tu ra tio n  value is  e x p re sse d  in the fo rm  of the n itro g en  coeffic ien t, 
with in c re a se  in the p r e s s u r e  the values of the coeffic ien t d e c re a se  (Table 2).

The r e s u lts  ob tained  w ere  checked  on 17 su b jec ts  who underw ent decom ­
p re s s io n  fav o rab ly  a f te r  a 4—6 hour s tay  under a p r e s s u re  of 7.0 atm , with 
an h o u r 's  delay  a t the f i r s t  stop under a p r e s s u re  of 4.3 a tm . At the la s t 
stop  during  d eco m p ressio n  a b rie f itch ing  of the skin w as noted in only one 
sub jec t. T h e re fo re , a p r e s s u re  drop from  7.0 to 4.3 atm  was safe  fo r  17 
out of 18 [sic] su b jec ts , desp ite  the fac t tha t the su p e rsa tu ra tio n  value fo r 
a p r e s s u re  of 7.0 atm  exceeded the p e rm is s ib le  su p e rsa tu ra tio n  value 
d e te rm in ed  in th e se  su b jec ts  fo r  an in itia l p r e s s u re  of 2.2 — 2.9 atm . For 
a p r e s s u re  of 7.0 atm  it am ounted to 1.3 atm ; fo r  a p r e s s u re  of 2 .2 —2.7 atm , 
0 .76— 1.2 atm , re sp e c tiv e ly .

This r e s u lt  was a lso  checked in ex p e rim en ts  on an im als  (5 ca ts ) . The 
p e rm is s ib le  su p e rsa tu ra tio n  values with the he liu m - oxygen m edium  at 
p r e s s u r e s  of 4 —5 and 31 atm  w ere  a lso  com pared  a f te r  a 4 hour exposu re .
It w as found th a t with an in itia l p r e s s u re  of 4 —5 atm  the p e rm is s ib le  
su p e rsa tu ra tio n  value w as 2.2 — 3.0 atm , and a t a p r e s s u re  of 31 atm ,
11.5 atm . T h e re fo re , the p e rm is s ib le  su p e rsa tu ra tio n  value, d e te rm in ed  
by the p re s s u re  d iffe ren ce , in c re a se d  4—5 tim e s  (2 .2— 3.0 atm  and
11.5 atm ), while that ca lcu la ted  fo r  the p e rm is s ib le  su p e rsa tu ra tio n  
coeffic ien t d e c re a sed  by 50—62.5% (3.2 — 4,0 and 1.6).

D iscussion  of R esu lts

It should be noted f i r s t  tha t the safe  p e rm is s ib le  su p e rsa tu ra tio n  
coeffic ien t of the o rg an ism  should be in te rp re te d  a s  a physio log ica l index. 
Since the SSC is  d e te rm in ed  by the signs of d eco m p ressio n  s ic k n e ss , it, 
in c o n tra s t to the sim p le  p h ysica l sy s te m s , c h a ra c te r iz e s  not only the 
capacity  of the t is s u e s  fo r  re ta in in g  gas in the su p e rsa tu ra te d  s ta te , but 
a lso  the body 's  re a c tio n  to a newly fo rm ed  gas phase .

As shown by the s tu d ie s  m ade, the s igns of d eco m p ressio n  s ick n ess  
d iffered  su b s ta n tia lly  depending on the ind iffe ren t gas b rea th ed . S im ila r 
re s u lts  w ere ob tained by I. A. A leksandrov  and A. P . B re s tk in  (1964) in 
su b jec ts  with a 6 hour d e te rm in a tio n  m ethod. The d iffe ren t re a c tio n s  of. 
the body to the fo rm atio n  of gas p h ases  of d iffe ren t com positions a re  
ap p aren tly  an e s se n tia l fa c to r  in d e te rm in in g  the d iffe ren t p e rm is s ib le  
su p e rsa tu ra tio n  values fo r  n itro g en  and helium . The data of P . M. G ram en it- 
sk ii, A. A. Savich and K. S. Y urova (1964) co n firm s th is , showing tha t the 
an im als  b e tte r  to le ra te d  an in trav en o u s in jec tion  of n itrogen  than one of 
he lium . On the o th e r hand, in B re s tk in 's  ex p e rim en ts  (1952) on sim ple  
p hysica l m odels, opposite  r e s u l ts  w ere  obtained; the su p e rsa tu ra tio n  value 
of the flu id s  with helium  was le s s  than th e ir  su p e rsa tu ra tio n  value with 
n itro g en . T h e re fo re , physio log ica l p ro c e s s e s  ap p aren tly  p lay  a m a jo r p a r t  
in d e te rm in in g  the safe  p e rm is s ib le  su p e rsa tu ra tio n  of the body.

Like the ind ices of the o th e r body functions, the p e rm is s ib le  s u p e rs a tu ra ­
tion  value v a r ie s  under d iffe ren t conditions, p a r t ic u la r ly  a s  a function  of 
the  n a tu re  of the ind iffe ren t gas and the ex te rn a l p r e s s u re  level.

P ro p e r  co n sid e ra tio n  of the ac tu a l v a lues of the p e rm is s ib le  s u p e rs a tu ra ­
tion  of the body with ind iffe ren t g ases  is  n e c e s s a ry  fo r  safe  d eco m p ressio n  
of d iv e rs .

32



The s tu d ies  m ade showed th a t n e ith e r  the p rin c ip le  of the co nstan t 
d iffe ren ce  nor of the constan t coeffic ien t can be used  fo r  ca lcu la tin g  
d eco m p ress io n  ro u tin e s . The ca lcu la tio n s should be m ade by using  the 
d iffe re n tia l coeffic ien t. T here  is  no g en era lly  accep ted  m ethod of 
d iffe ren tia tio n . V alues of the coeffic ien t c lo se  to those  d e te rm in ed  
ex p e rim en ta lly  a re  given by a m ethod of d iffe ren tia tio n  in acco rd an ce  with 
an e m p iric a l fo rm u la  which we have used  p rev io u sly  (Z a l'tsm an , 1961).

C onclusions

1. The safe  6 u p e rsa tu ra tio n  value of the hum an body depends on the 
c h a ra c te r is t ic s  of the ind iffe ren t gas: in a h e liu m -o x y g en  m edium  th is 
value in c re a s e s  by co m p ariso n  with th a t in a ir ; in an a i r -  helium  m edium , 
it  is  o v e r th a t in a he liu m - oxygen m ix tu re .

2. The sa fe  su p e rsa tu ra tio n  value a lso  depends on the e x te rn a l p r e s s u re  
lev e l. The h ig h er the in itia l e x te rn a l p re s s u re ,  the g re a te r  the safe 
p r e s s u r e  drop.

3. The ac tu a l s ign ificance  of the sa fe  su p e rsa tu ra tio n  value, d e te rm in ed  
u n d er d iffe ren t cond itions, should be co n sid e red  in w orking out e ffic ien t 
d eco m p ress io n  ro u tin e s .
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V. A. A ver'yanov
b « > ' *

SOME CONDITIONS FOR THE INCREASE IN BODY RESISTANCE TO 
DECOMPRESSION DISORDERS UNDER THE REPEA TED  E FFE C T S OF

DECOMPRESSION

(O nekotorykh usloviyakh povysheniya u sto ich iv o sti o rg an izm a k dekom - 
p ressio n n y m  narushen iyam  p r i  povtornykh vozdeistv iyakh  d ek o m p ressii)

In the study m ade by V. A. A ver'yanov, P . M. G ram en itsk ii and 
A. A. Savich (1961), the p o ss ib ility  was dete rm in ed  of in c re a s in g  body 
re s is ta n c e  to d eco m p ressio n  d is o rd e rs  under the influence of freq u en tly  
rep ea ted  d eco m p ress io n s . In d e te rm in in g  the safe  su p e rsa tu ra tio n  
coeffic ien t with n itrogen  (SSC) fo r dogs, the au th o rs  kept the an im als  fo r 
4 —6 h rs  under in c re a se d  p re s s u re  (which in the in itia l ex p e rim en ts  was 
known to be safe), and then sub jec ted  them  to rap id  d eco m p ressio n  to the 
" su rfa c e  lev e l"  and re c o rd e d  the p re se n c e  o r  absence  of d eco m p ressio n  
d is o rd e rs . Among the m any d e te rm in a tio n s  of the SSC p rev io u sly  m ade 
by th is  m ethod, th is  w ork was d istingu ished  by c e r ta in  c h a ra c te r is t ic s  
which enabled d e te rm in a tio n  of an in c re a se  in body re s is ta n c e  to rep ea ted  
d eco m p ressio n  e ffec ts .

In p rev io u s investig a tio n s A. N. B ukharin  (1958), G. M. Z arak o v sk ii 
(1960), and o th e r au th o rs  m ade th e ir  d e te rm in a tio n s only of the f i r s t  case  
of d eco m p ressio n  sym ptom s and a f te r  being convinced of the absence  of 
these  sym ptom s in the next ex p erim en t with low er p r e s s u re ,  they  stopped 
the in v estiga tions, co n sid e rin g  the SSC e stab lish ed . In the work by 
A ver'yanov, G ram en itsk ii and Savich, the ex p erim en ts  w ere continued, 
and in each su ccess iv e  ex p e rim en t h ig h er p re s s u re  was again used. The 
sym ptom s of d eco m p ressio n  w ere u su a lly  absen t. In the next 
de te rm in a tio n  the p r e s s u re  was ra is e d  one step  fu r th e r  (by 0.2 atm ); if 
the sym ptom s o ccu rred , it was again  reduced  in the next ex p erim en t, and 
then again  in c rea sed . Thus, the s tu d ies  w ere continued until the in c re a se d  
p re s s u re  was reach ed  a t which d eco m p ressio n  d is o rd e rs  developed in the 
dogs ev e ry  tim e , d esp ite  the freq u en t rep e titio n  of the ex p erim en ts .

With th is  m ethod, a co n sid e rab le  in c re a se  in re s is ta n c e  to d eco m p ressio n  
d iso rd e rs  was found in a ll nine dogs u sed  in the work. At the end of the 
d e te rm in a tio n s  th ese  d is o rd e rs  o c c u rre d  in each  an im al only a f te r  being 
under p re s s u re  0 .4 —0.6 atm  h igher than a t f i r s t .

The estab lish ed  fac t tha t th e re  is an in c re a se  in the re s is ta n c e  of the 
body to rep ea ted  deco m p ressio n  effec ts , which is  of undoubted sign ificance 
fo r diving p ra c tic e , re q u ire d  fu r th e r  an a ly s is . It rem ain ed  u n c lea r  
w hether the conditions m ain ta ined  in the work m entioned (gradual in c re a se  
in p re s s u re  from  one tim e  to the next, and going to a low er p r e s s u re  a fte r
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each c a se  of d eco m p ress io n  d iso rd e rs )  a re  o b lig a to ry  and o p tim a l fo r  
in c re a s in g  body re s is ta n c e  to d eco m p ressio n . The question  rem a in ed  
how re s is ta n c e  to d eco m p ress io n  d is o rd e rs  would change u n d er rep e a te d  
e ffec ts  of the p r e s s u re  a t which th ese  sym ptom s o r ig in a lly  o c c u rre d , a s  
well a s  how it would change when the o rg an ism  was f i r s t  exposed  to the 
ac tion  of a known high su p ra lim in a l p r e s s u re  and subsequently , to  the 
effect of p ro g re s s iv e ly  low er p r e s s u r e s .  The so lu tion  of th e se  p ro b lem s 
is  of p ra c tic a l  a s  well as th e o re tic a l in te re s t , because  it can  p rov ide  the 
b a s is  of e ffic ien t w ork o rg an iza tio n  of d iv e rs , p a r t ic u la r ly  novices.

Method

N inety ex p e rim en ts  w ere  p e rfo rm e d  on seven  m ale  dogs from  3 to 
5 y e a rs  old, weighing 15—30 kg. The an im als  w ere  put in a c o m p re ss io n  
ch am b er under in c re a se d  p re s s u re  fo r  4 h r s .  At the end of th is  tim e  the 
p re s s u re  was rap id ly  reduced  to a tm o sp h e ric , and the dogs w ere  o b se rv ed  
fo r  2 h r3 . With the o c c u rre n c e  of d eco m p ress io n  d is o rd e rs  ( re tra c tio n  of 
one of the paw s, lim ping) th e rap eu tic  re c o m p re ss io n  was p e rfo rm ed .

All the e x p e rim e n ts  w ere  divided into two s e r ie s .  In the f i r s t  s e r ie s ,  
p e rfo rm ed  on the dogs Ingus, K ashtan, and M atros, the ex p e rim en ts  
w ere begun with p r e s s u r e s  known to be safe  (1.4, 1.6, and 1.8 atm ). In 
each subsequen t ex p erim en t the p r e s s u re  was in c re a se d  by 0.2 atm  until the 
dog developed co m p ress io n  d is o rd e rs . Then the ex p e rim en ts  w ere 
re p e a te d  with the sam e p re s s u re .

In the second s e r ie s  (dogs C hernysh  and Skuchnyi) the e x p e rim e n ts  w ere 
begun at a p r e s s u re  of 2.8 atm , known to be safe; a f te r  the p r e s s u re  
effect was e lim in a ted  d eco m p ress io n  d is o rd e rs  o c c u rre d  in both e x p e r i­
m en ta l an im a ls . Subsequently , the p r e s s u re  was reduced  from  ex p erim en t 
to ex p erim en t un til th e re  w ere no sym ptom s of d eco m p ress io n  d is o rd e rs . 
Then the ex p e rim en ts  w ere  p e rfo rm ed  again  with in c re a s in g  p r e s s u r e s ,  and 
in v a rio u s  p e r io d s  of the study it w as left unchanged fo r  a num ber of 
ex p erim en ts ,

Of the two v a r ia n ts  of ex p e rim en ts  d esc rib ed , those  on the dogs S hustry i 
and Tobik, about which m o re  d e ta ils  w ill be given below, stood  out.

R esu lts  of the  E x p erim en ts

The re s u l ts  of the ex p e rim en ts  of the f i r s t  s e r ie s  a re  given in F ig u re  1, 
which show s tha t in the dogs Ingus and K ashtan, exposed f i r s t  to  the effect 
of p r e s s u r e s  known to be safe  and then to g rad u a lly  in c re a s in g  p r e s s u r e s ,  
d eco m p ress io n  d is o rd e rs  o c c u rre d  only at v e ry  high p re s s u re s ,  2.8 and 
3.2 atm . T hese f ig u re s  a re  defin ite ly  h ig h er than the av e rag e  th re sh o ld  
p re s s u r e s  fo r  dogs g en era lly . R epeated  ex p e rim en ts  with both dogs at 
the p r e s s u r e s  m entioned  w ere  a sso c ia te d  ev e ry  tim e  with the developm ent 
of d eco m p ress io n  sym ptom s. T h e re fo re , under th e se  conditions the 
re s is ta n c e  did not in c re a se  fu r th e r , and in the dog K ash tan  it even 
d e c re a sed . The dog M atros o r ig in a lly  showed sym ptom s of d eco m p ress io n
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a f te r  being under co m p ara tiv e ly  low p r e s s u r e  (2.0 atm ), but in rep ea ted  
ex p e rim en ts  th e se  sym ptom s did not ap p ea r. H ow ever, a f te r  each 
su c c e ss iv e  in c re a se  in the p r e s s u r e  by 0.2 atm  they  did o ccu r ev e ry  tim e , 
e ith e r  in the f i r s t  o r  in subsequen t ex p e rim en ts .
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F I G U R E  1.  C h a n g e  i n  t h e  r e s i s t a n c e  t o  d e c o m p r e s s i o n  s i c k n e s s  i n  t h e  d o g s  I n g u s ,  K a s h t a n ,  a n d  M a t r o s  

w h i t e  c o l u m n s  — n o  s i c k n e s s ;  h a t c h e d  c o l u m s  — s i c k n e s s .

T h ere fo re , in th is  dog a lso , rep e titio n  of the e x p e rim e n ts  with the 
p r e s s u re s  a t which the an im a ls  o rig in a lly  developed d eco m p ress io n  
sym ptom s did not lead  to a co n sid e rab le  in c re a se  in r e s is ta n c e . T his 
effect was undoubtedly le s s  than  in the above ex p e rim en ts  of A ver'yanov , 
G ram en itsk ii, and Savich (1961).
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F I G U R E  2 .  C h a n g e  i n  t h e  r e s i s t a n c e  t o  d e c o m p r e s s i o n  s i c k n e s s  i n  t h e  d o g s  C h e r n y s h  a n d  S k u c h n y i  

E x p l a n a t i o n  i n  t h e  t e x t .

The r e s u l ts  of the ex p e rim en ts  of the second s e r ie s  a re  shown in 
F ig u re  2. Both dogs (Skuchnyi and C hernysh) w ere o r ig in a lly  exposed to 
the action  of a known safe p r e s s u re  (2.8 atm ). In both an im als , in  the
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f i r s t  and in the th re e  subsequen t ex p e rim en ts  with g rad u a lly  d ec re a s in g  
p r e s s u r e s  d eco m p ress io n  sym ptom s developed. T hese sym ptom s fa iled  
to  a p p e a r only in the fifth ex p erim en t a f te r  d eco m p ress io n  from  a p re s s u re  
of 2.0 a tm , which is  not the lim it fo r  the g re a t m a jo r ity  of dogs. T h e re fo re , 
with th is  c o u rse  of the e x p e rim e n ts  not only do we fa il to note an in c re a se  
in the re s is ta n c e  of the an im als  to d eco m p ress io n  d is o rd e rs  but, co n v erse ly , 
a d e c re a se  o c c u rs . It is  s ign ifican t that with subsequen t ex p e rim en ts , in 
which a f te r  the ap p earan ce  of sym ptom s the p re s s u re  w as dropped, the 
re s is ta n c e  te m p o ra r ily  in c re a se d  in the dog Skuchnyi and in the dog C hernysh . 
Many re p e titio n s  of the ex p e rim en ts  with the p r e s s u re  a t which d e c o m p re s­
sion  sym ptom s o c c u r (the dog C hernysh) again  led  to a red u c tio n  in 
r e s is ta n c e , and the la t te r  d e c re a sed  even below the in itia l level.

A s e p a ra te  a n a ly s is  should be m ade of the r e s u l ts  of ex p e rim en ts  on the 
dogs Tobik and S h ustry i (F ig u re  3). With Tobik it had been planned  to 
conduct the ex p e rim en ts  along the line of the second s e r ie s ;  th e re fo re , a t

fo re , th a t th is  dog p o sse s se d  in c re a se d  re s is ta n c e  to  d eco m p ress io n  
d is o rd e rs , w hereby, acco rd in g  to the g en era l ru le , follow ing a drop to a 
low er p r e s s u re  a f te r  the re p e a te d  developm ent of sym ptom s, the re s is ta n c e , 
v e ry  high b efo re  th is , began to in c re a se  even fu r th e r  (F ig u re  3, e x p e r i­
m en ts  of 6, 9, and 12 Ju ly  1960).

T h e re fo re , the r e s u l ts  of the ex p e rim en ts  ju s t  analyzed  re v e a le d  the 
in c re a se d  re s is ta n c e  of two ex p erim en ta l dogs to d eco m p ress io n  d iso rd e rs ; 
a t the sam e  tim e , they do not a t a ll c o n tra d ic t the data of the p rev io u s 
ex p e rim en ts .

F I G U R E  3.  C h a n g e  i n  r e s i s t a n c e  t o  d e c o m p r e s s i o n  

s i c k n e s s  i r .  t h e  d o g s  S h u s t r y i  a n d  T o b i k

e x p l a n a t i o n  i n  t h e  t e x t .

atm 
k O  -

Tobik
f i r s t  a p r e s s u re  of 2.8 atm  was used. 
However, c o n tra ry  to expec ta tions, 
the an im al did not develop d eco m p ress io n  
d iso rd e rs , and it was th e re fo re  decided 
to in c re a se  the p r e s s u re  g rad u a lly  in 
the subsequen t ex p e rim e n ts . Such 
ex p e rim en ts  showed the excep tionally  
high re s is ta n c e  of the an im al to decom ­
p re s s io n  d is o rd e rs . The la t te r  o c c u rre d  
f i r s t  only a f te r  a p r e s s u r e  of 3.8 atm , 
which is about 1.5 atm  h ig h er than the 
av e rag e  th re sh o ld  value of the p r e s s u re  
fo r  the m a jo rity  of an im a ls  f i r s t  exposed 
to the high p re s s u re  effect. We th e r e ­
fo re  began ex p e rim en ts  on the dog 
S h ustry i with a p r e s s u re  of 3.2 atm  and 
subsequen tly  red u ced  it by 0.2 atm  
in te rv a ls , a s  in the o th e r ex p e rim en ts  
of the second s e r ie s .  D eco m p ressio n  
d is o rd e rs  in the dog o c c u rre d , how ever, 
only in the f i r s t  two e x p e rim en ts ; in 
the th ird , a f te r  a p r e s s u r e  of 2.8 atm  
they w ere  absen t. It was found, th e re -
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D iscussion  of R esu lts

The ex p e rim en ts  p e rfo rm e d  showed tha t rep ea ted  d eco m p ressio n  from  
p re s s u re s  a f te r  which d eco m p ressio n  d is o rd e rs  o ccu r does not co n tribu te  
to in c re a s in g  body re s is ta n c e  to the given effect, and, co n v erse ly , it m ay 
even d e c re a se . The in itia l u se  of p r e s s u re s  known to be high, fa r  
exceeding the th resh o ld , has an even le s s  fav o rab le  effect on the re s is ta n c e  
of the body to d eco m p ressio n  d iso rd e rs . To in c re a se  r e s is ta n c e  it is  
e s se n tia l to in c re a se  g rad u a lly  the p re s s u re  from  in itia lly  low fig u res , 
known to be safe , to h ig h er p re s s u re s ;  the b e s t re s u lt  is  ob tained  from  
going to a low er p r e s s u re  a f te r  each c a se  of d eco m p ress io n  d iso rd e rs .

F rom  the p a p e rs  of Behnke and o th e rs  (1940) and Evelyn (1941), 
confirm ed  re c e n tly  by the s tu d ies  of P . M. G ram en itsk ii and A. A. Savich 
(1964), it a p p e a rs  tha t a f te r  d eco m p ressio n  "s ilen t"  gas bubbles m ay be 
fo rm ed  in the body which do not lead  to the developm ent of v is ib le  
pa thological s igns. T hese bubbles o ccu r f i r s t  in the venous blood and, 
acco rd in g  to the data of P . M. G ram en itsk ii and A. A. Savich, f i r s t  ap p ear 
a f te r  d eco m p ressio n  from  low p re s s u re s ,  beginning with 1.4 atm . It 
m ust be supposed th a t such bubbles in the venous blood can produce  local 
v a sc u la r  re fle x e s  a t the p lace  w here they  o ccu r, g en e ra l changes in the 
c a rd io v a sc u la r  ac tiv ity , and a change in re sp ira tio n  because  of a c a p illa ry  
block in the le s s e r  c ircu la tio n . The p e rfec tio n  of th e se  rea c tio n s , 
e x p re ssed  in an in c re a se d  blood flow and dyspnea, ap p a ren tly  u n d e rlie s  
the in c re a se  in body re s is ta n c e  to d eco m p ressio n  d is o rd e rs  under rep ea ted  
effec ts  of d eco m p ressio n . An in c re a se  in re s is ta n c e  o c c u rs  only if th e re  
is  an unusual s tim u lu s to which the body adap ts i tse lf  (free  gas bubbles in 
the blood). At the tim e  of the in itia l e ffec ts  it p ro v es  inadequate to produce  
typ ica l pa tho log ica l sym ptom s, but subsequently , while s t i l l  sub lim inal fo r  
the developm ent of th ese  sym ptom s, it in c re a s e s  in s tre n g th  from  tim e  to 
tim e, which lead s to tra in in g  of the r e s p ira to ry  and c a rd io v a sc u la r  defense 
reac tio n s .

C onclusions

1. R epeated e ffec ts  of d eco m p ressio n  from  in c re a se d  p re s s u re  fa il to 
lead  to an in c re a se  in body re s is ta n c e  to d eco m p ressio n  d is o rd e rs  which 
m ay o ccu r.

2. The optim um  condition fo r  in c re a se  in body re s is ta n c e  to d e c o m p re s­
sion d is o rd e rs  is  the in itia l app lica tion  of a p r e s s u re  known to be safe , a 
g radua l in c re a se  in it with subsequen t e ffec ts  and a drop to a low er p re s s u re  
a f te r  the developm ent of d eco m p ressio n  sym ptom s.
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P . M . G ram en itsk ii and A. A. Savich

PROVOCATION OF CAISSON DISEASE SIGNS IN ANIMALS EMERGING 
FROM INCREASED PRESSURE BY SUBSEQUENT ASCENT 

, TO ALTITUDE

(P rovokatsiya  kessonnykh yav len ii u zhivotnykh vyshedshikh iz pod 
povyshennogo davlen iya, putem  posleduyushchego pod 'em a ikh na vysotn)

The re s u lts  of a re c e n t study which we m ade (G ram en itsk ii and Savich, 
1964), in ag reem en t with p rev io u s data from  the l i te ra tu re  (Yakobson,
1950; Vavilov and G ram en itsk ii, 1958; Behnke, 1955), gave us the b as is  
to suppose that gas bubble fo rm ation  in the body a f te r  d eco m p ressio n  under 
in c re a se d  p re s s u re  can o ccu r asy m p to m atica lly  o r , in any ca se , without 
typ ica l ex te rn a l signs of d eco m p ressio n  d iso rd e rs . With the aim  of 
provoking signs of ca isso n  d ise a se  and detecting  la ten t fo rm s, we p e rfo rm ed  
ex p erim en ts  in which a t v a rio u s p e rio d s  a f te r  d eco m p ressio n  of the an im al 
from  in c re a se d  p re s s u re ,  they w ere ra is e d  to a ltitude , i . e . ,  exposed to 
the effect of a r a r if ie d  a tm o sp h ere . Use was m ade of in c re a se d  p r e s s u r e s  
which w ere  not follow ed by typ ica l deco m p ressio n  d iso rd e rs , and d eg rees  
of ra re fa c tio n  which in th em se lv es  could not cau se  d eco m p ressio n  d is o rd e rs .

The ex p erim en ts  w ere  p e rfo rm ed  on nine dogs whose p e rm is s ib le  s u p e r ­
sa tu ra tio n  coeffic ien t with n itrogen  (PSC) p rev io u sly  had been rep ea ted ly  
determ ined . The p ro ced u re  was as follow s: The fa s tin g  dog was walked, 
and then p laced  fo r  4 h r s  in a c o m p ress io n  cham ber under p re s s u re .  F o r 
each an im al the p re s s u re  used  was known to be le s s  than that which caused  
d eco m p ressio n  d is o rd e rs  in ex p erim en ts  with dete rm in a tio n  of the PSC.
In v a rio u s  ex p erim en ts  it ranged  from  1.2 to 2.6 a tm . A fter 4 ho u rs , the 
dogs w ere exposed to a rap id  (50 — 80 sec) deco m p ressio n  to no rm al 
p re s s u re ,  and they w ere o b serv ed  continuously. U nder o rd in a ry  conditions 
c a isso n  sym ptom s did not o ccu r. At c e r ta in  p e rio d s  a f te r  d eco m p ressio n  
(from  15 m in to 1 h r  and 45 min) the dogs w ere exposed to the effect of 
ra re fa c tio n  in a vacuum  ch am b er (elevation  to an a ltitude  of 4.5 km at a 
ra te  of 1 km ev ery  30 sec). The e x p e rim e n te rs  w ere e ith e r  in the cham ber 
along with the dogs, o r  ou tside it, using  an illu m in a to r to o b se rv e  the 
an im als . With the developm ent of typ ical d eco m p ressio n  sym ptom s 
(lim ping, elevation  of the paw), a descen t to ground level was m ade 
im m ediately ; in the absence  of d iso rd e rs  the an im als  w ere kept a t an

Method
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altitu d e  of 4.5 km fo r 10 m in. The e x p e rim e n te rs  re c o rd e d  the change in 
behav io r, the condition  of the dog and, v e ry  ca re fu lly , the developm ent of 
d eco m p ress io n  sym ptom s; in a num ber of c a se s  the pho tographic  docu­
m en ta tion  was used.

R esu lts  of the E x p e rim en ts

Follow ing d eco m p ress io n  p r io r  to e levation  to a ltitu d e , the an im als  
in no ca se  showed c a isso n  sym ptom s of the "bends" type. In som e 
ex p e rim en ts  only a v e ry  s lig h t g en era l inhibition  of the dog and a m ild  
dyspnea o c c u rre d . A scen ts induced the developm ent of ty p ica l s igns of 
c a isso n  d ise a se  in 25 out of 57 ex p e rim en ts . All c a se s  in which sym ptom s 
developed with ra re fa c tio n  of the a tm o sp h e re  m ay be d is tin c tly  divided into 
two c a te g o rie s .

The f i r s t  c a teg o ry  c o n s is ts  of c a se s  in which ca isso n  d ise a se  sym ptom s 
developed a t v a rio u s  p e r io d s  a f te r  reach in g  the a ltitu d e . The ac tu a l a scen t,
i. e ., the  p e rio d  of ra re fa c tio n  of the a i r  in the ch am b er, did not cause  
even in itia l s igns of functional d is o rd e rs  of the lim b s. At f i r s t ,  th e se  
s ig n s w ere  a lso  com plete ly  ab sen t a t a ltitude . They ap p eared  only a f te r  
2 — 5 m in, g rad u a lly  in c re a se d , and becam e c le a r ly  e x p re sse d  c a isso n  
d isord ers. In a ll c a se s , the nature of the sym ptom s, and the dynam ics 
and ra te  of th e ir  developm ent w ere  g en era lly  iden tica l to d eco m p ress io n  
d is o rd e rs  un d er o rd in a ry  conditions a f te r  em erg in g  from  p r e s s u r e s  
exceeding; the PSC fo r  the dog.

The fig u re s  show gradual developm ent of ca isso n  sym ptom s a t a ltitu d e  
in the dog Ryzhik.

The second ca teg o ry  (of p a r t ic u la r  in te re s t)  c o n s is ts  of c a s e s  in which 
c a is so n  sym ptom s developed during  the co u rse  of the ac tu a l a sc e n t. Not 
uncom m only, the f i r s t  s ig n s of d eco m p ress io n  d is o rd e rs  ap p eared  even 
fro m  the v e ry  beginning of ra re fa c tio n  of the a ir :  the dog began to d rag  
i ts e lf  around in one p lace , red u ce  the weight on one lim b o r  an o th er, and 
"guarded" it. D uring the subsequent a scen t, freq u en tly  to an a ltitu d e  of 
2 — 3 km, the sym ptom s becam e c le a r ly  ex p re ssed : the dog lim ped  on the 
a ffec ted  paw, becam e r e s t le s s ,  ten se , ev idently  had se v e re  pain , and 
began to  howl and jum p about. In c o n tra s t  to the d eco m p ress io n  d is o rd e rs  
d e sc r ib e d  p rev io u sly , even ts developed quickly and in fu ll fo rce : with 
continuing a sc e n t the sym ptom s p ro g re s s e d  l i te ra l ly  with the r i s e  in height 
and not uncom m only a t an a ltitu d e  of 4.5 km it re ach ed  such a deg ree  tha t 
the a scen t had to be stopped and the p re s s u re  in c re a se d  in the cham ber.
With im m ed ia te  d escen t and re tu rn  of the an im als  to n o rm a l p r e s s u re ,  
d eco m p ress io n  sym ptom s alw ays d isap p eared  w ithout tra c e .

The r e s u l ts  of a ll 57 ex p e rim en ts  a r e  shown in the tab le .
G radual developm ent of c a isso n  sym ptom s a f te r  reach in g  an a ltitu d e  

o c c u rre d  in 13 ca se s ; rap id  developm ent of d eco m p ress io n  d is o rd e rs  
during  the c o u rse  of the a scen t, in 12. F rom  the tab le  it  is  evident tha t 
both c a te g o rie s  of d is o rd e rs  w ere noted in six  an im als  a f te r  they  had 
been a t d iffe ren t depths, and at d iffe ren t in te rv a ls  betw een d eco m p ress io n  
and a scen t. The d is o rd e rs  ap p eared  independently  of the depth a t which 
the an im al w as f i r s t .  It should be em phasized  only tha t c a isso n  sym ptom s
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which  d e v e l o p e d  p a r t i c u l a r l y  r a p i d l y  d u r i n g  Uic c o u r s e  of t he  a s c e n t  
n o r m a l l y  o c c u r r e d  m  a n i m a l s  a l t e r  t h ey  h ad  b e e n  a t  d e p t h s  c o n s i d e r a b l y  
l e s s  t han  t he  m a x i m u m .  T h e  i n t e r v a l  b e t w e e n  d e c o m p r e s s i o n  and  a s c e n t  
i s  ol' s i g n i f i c a n c e  in t he  a p p e a r a n c e  of  t he  s y m p t o m s .  M o s t  e a s e s  of t he  
g r a d u a l  d e v e l o p m e n t  of s y m p t o m s  a t  an a l t i t u d e  w e r e  o b s e r v e d  f o r  b r i e f  
i n t e r v a l s  and  w e r e  not  e n c o u n t e r e d  a f t e r  t he  dog  had  b e e n  k ep t  u n d e r  
o r d i n a r y  c o n d i t i o n s  f o r  o v e r  an  h o u r .  C a s e s  of  r a p i d  d e v e l o p m e n t  of
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d

c — 4 min af t er  be ini’ at  a l t i t ude  of 4.0 km.  signs of decompress ion disorders progress;  
si — i) min af ter  bc i na  at a l i u n d e  of i .u km.  pronounced decompression s ympt oms  in 
t:ie rigpt  hind leg.

d i s o r d e r s  d u r i n g  t h e  c o u r s e  of  t h e  a s c e n t  o c c u r r e d  bo th  a f t e r  b r i e f  
i n t e r v a l s  a n d  a f t e r  i n t e r v a l s  a s  l ong  a s  1 h r  and  45 m i n .  In t h e  c a s t 1 of 
a s c e n t  to a l t i t u d e  of a n i m a l s  f o l l o w in g  d e c o m p r e s s i o n  f r o m  i n c r e a s e d  
p r e s s u r e  we n o t e d  t h a t  t he  o c c u r r e n c e  of  p r o n o u n c e d  d y s p n e a  a nd  t he  
d e v e l o p m e n t  of  g e n e r a l  d e p r e s s i o n  in a l m o s t  a l l  e x p e r i m e n t s .  Th e  i n t e n s i t y  
of t h e s e  s y m p t o m s  d e f i n i t e l y  d id  no t  c o r r e s p o n d  to t h e  s l i g h t  r a r e f a c t i o n  of 
t he  a i r  u s e d  and  co u ld  no t  be e x p l a i n e d  by a l t i t ude  h y p o x e m i a  a l o n e .  Both 
t h e s e  p h e n o m e n a  w e r e  p a r t i c u l a r l y  p r o n o u n c e d  the g r e a t e r  t he  i n c r e a s e d
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Caisson symptoms in (logs during elevations to an altitude of 4.5 km after decompression 
from increased pressure

No. of 
experi­
ment

Depth 
(in  in)

Interval 
between 

decompression 
and ascent

Occurrence
of

symptoms

N o.of 
experi­
ment

Depth 
(in m )

Interval 
between 

decompression 
and ascent

Occurrence
of

symptoms

The dog Zor'ka (28 m) The dog Druzhok (26  m)

1 18 1 h 2 0 mi n — 1 12 15 min —

2 18 15 min - 2 18 45 min 6th minute at
3 20 15 min - an altitude
4 18 1 h 40 min - 3 20 30 min during ascent
5 22 15 min - 4 22 15 min —
6 24 1 h 20 min - 5 22 1 h 1th minute at
7 26 15 min — an altitude
H 26 15 min

The doe Sedoi (16 m)
an altitude

9 26 1 h 40 min during ascent 1 16 45 min -
10 26 30 min 2nd minute at 2 18 45 min -

an altitude 3 18 15 min -
11 26 15 min —
12 26 1 h 30 min - The dog Bogatyr* (22 m)

The dog Reks (24 m) 1 14 45 min during ascent
1 16 1 h - 2 14 1 h 40 min —
2 16 25 min 5th minute at 3 16 15 min during ascent

an altitude 4 16 45 min during aacent
3 18 40 min 2nd minute at 5 18 15 min 4th minute at

an altitude an altitude
4 18 1 h 20 min during ascent 6 18 1 h 40 min during ascent
5 19 1 h 40 min — 7 20 25 min —

B 20 30 min during ascent
The dog Sokol (2 6 m ) 9 20 30 min during ascent

10 20 1 h _
1 18 , ,

11 20 2 h —

The dog Valet (22 m) The dog Ryzhik (24 m )

16 i h - 1 14 30 min —

i 2 14 45 min during ascent
The dog Mishka (22  m) 3 14 1 h 15 min -

1 14 45 min 4 16 16 min -
2 14 1 h 20 min _ 5 1 6 16 min 3rd minute at

3 16 15 min 5th minute at an altitude

an altitude
6 18 15 min 5th minute at

4 16 30 min 3rd minute at an altitude
7 18 _

an altitude
5 18 25 min _ 8 18 45 min 2nd minute at

6 18 30 min during ascent an altitude

7 16 1 h 30 min —

8 18 1 h 30 min —

9 18 1 h 40 min during ascent
10 19 40 min -
11 22 15 min 3rd minute at

an altitude

N o t e .  T h e  f i g u r e s  i n d i c a t e d  i n  p a r e n t h e s i s  a f t e r  t h e  n a m e  o f  e a c h  d o g  r e p r e s e n t  t h e  d e p t h  c o r r e s p o n d i n g  

t o  t h e  P S C  o f  t h e  a n i m a l .
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p r e s s u r e  u sed  in itia lly , and the s h o r te r  the p e rio d s  betw een d eco m p ress io n  
and a sc e n t to a ltitude .

D iscu ssio n  of R esu lts

In o u r opinion, the m o st in te re s tin g  c a s e s  w ere  those of ra p id  develop­
m ent of c a isso n  sym ptom s in an im als  during  the c o u rse  of a sc e n t to 
a ltitu d e  a f te r  having em erg ed  from  sa fe  in c re a se d  p r e s s u r e .  This 
phenom enon m ay be explained  only by the supposition  th a t p r io r  to the 
a scen t, gas bubbles had a lre a d y  fo rm ed  at c e r ta in  p la c e s  in the body, 
d e sp ite  the com plete  ab sen ce  of ex te rn a l s ig n s of ty p ica l d eco m p ress io n  
d is o rd e r s . The im m ed ia te  and m ark ed  ap p ea ran ce  of the sy m ptom s which 
o c c u r  in th e se  c a s e s  du ring  ra re fa c tio n  m ay be exp lained  by only one 
th ing  — expansion  of g a se s  in a bubble which had a lre a d y  been fo rm ed  and 
an  in c re a se  in its  p r e s s u r e  on the su rro u n d in g  t is s u e s ,  o r , in  o th e r  w ords, 
an in c re a se  in the m ech an ica l e ffec ts  through which the bubble, d ire c tly  
o r  in d irec tly , c a u se s  painful sen sa tio n s  by in te r fe r in g  w ith the blood flow. 
T h e re fo re , co n sid e ra tio n  of a sy m ptom atic  o c c u rre n c e  of c a is so n  d ise a se  
should include not only the p o ss ib le  fo rm a tio n  of sm a ll gas bubbles in the 
m oving venous blood s tre a m  and asy m ptom atic  a i r  em bolism  in p u lm onary  
c a p illa r ie s , but a lso  the p re se n c e  of " s i le n t1 gas bubbles in th o se  p laces  
w here they  e x e r t th e ir  physio lo g ica l influence, p roducing  ty p ica l sym ptom s 
in the lim b s.

It is  s ig n ifican t th a t such gas bubbles — po ten tia l c a u se s  of sym ptom s 
of c a is so n  d ise a se  — a re  found in dogs long a f te r  deco m p ressio n ; 
sp ec ifica lly , they  a r e  found even 1 h r  and 45 m in a fte rw ard , when, a s  a 
ru le , the danger of d eco m p ress io n  d is o rd e rs  h as  p a s se d  even if m axim um  
in c re a se  of p r e s s u r e  h a s  been applied . It is  e sp e c ia lly  notew orthy  that 
such bubbles w ere  fo rm ed  in som e dogs (Ryzhik, M ishka) even a f te r  a 
p r e s s u r e  of 1.4 a tm , i. e ., 0.4 —0.6 atm  below the m axim um  c o rre sp o n d in g  
to the so -  ca lled  PSC of the a n im a ls . T hese fa c ts  ind ica te  th a t betw een 
the o n se t of gas fo rm a tio n  and the o c c u rre n c e  of ty p ica l s ig n s-of c a isso n  
d ise a se  th e re  is  a co n sid e rab le  gap, o r , in o th e r  w ords, s ig n s of 
c a is so n  d ise a se  in itia lly  o c c u rre d  in the la te n t fo rm  a s  a ru le , and only 
a f te r  reach in g  a  c e r ta in  in ten sity  did they  lead  to the developm ent of typ ica l 
functional d is o rd e rs .

The second ca teg o ry  of c a s e s , w here signs of ca isso n  d ise a se  developed 
im m ed ia te ly  a f te r  reach in g  a ltitu d e , is  ev idently  a sso c ia te d  with the 
fo rm a tio n  of gas bubbles un d er th e se  conditions.

H ere  it  m ay be supposed  tha t p r io r  to the a sc e n t bubbles did not fo rm  
a t a ll o r  w ere  of co m p ara tiv e ly  sm a ll s iz e . A dditional d eco m p ress io n  
n a tu ra lly  a c tiv a te s  bubble fo rm atio n , which lead s  to the developm ent of 
functional d is o rd e rs .

M ost c a s e s  of g rad u a l developm ent of s ig n s of c a isso n  d ise a se  at 
a ltitu d e  o ccu r so o n er a f te r  d eco m p ress io n  than in c a se s  of rap id  
developm ent. T h is is  n a tu ra l, because  ra re fa c tio n  is  a d is tin c tiv e  
m e a su re  fo r  su p e rsa tu ra tio n  of the body with n itro g en  in d iffe ren t p e rio d s  
a f te r  d eco m p ress io n . In the la te  p e rio d s  the danger of developm ent of 
d eco m p ress io n  phenom ena d isa p p e a rs . H ere we can expect only c a isso n
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d is o rd e rs  a sso c ia ted  with gas bubbles p rev io u sly  fo rm ed  and lo ca lized  in 
typ ica l a re a s  of the lim bs, but which had rem ain ed  la ten t up to that tim e .

Data concern ing  r e s p ira to ry  changes and the g en e ra l condition of the 
an im als  during  ascen t to a ltitu d e  a f te r  em erg in g  from  safe  in c rea sed  
p re s s u re  d e se rv e s  sp ec ia l a tten tion . Undoubtedly, both dyspnea and 
gen era l d ep re ss io n  a re  connected  with an in c re a se  in the a i r  em bolic 
p ro c e s s  during  ra re fac tio n ; they re p re s e n t  e a r l ie r  and m o re  constan t 
consequences of su p e rsa tu ra tio n  of the body with n itro g en  than the typ ica l 
jo in t sym ptom s of c a isso n  d ise a se . T h e re fo re , in diving p ra c tic e s  and 
ca isso n  work sp ec ia l a tten tion  m u st be given to the gen era l condition  of the 
p e rso n s  during  d eco m p ressio n , to the ind ices of c a rd io v a sc u la r  ac tiv ity  
and re sp ira tio n , and to sub jec tive  sen sa tio n s  of gen era l aches and 
tire d n e s s , which, evidently , inev itab ly  accom pany the a ir  em bolic p ro c e s s .

C onclusions

1. Under the influence of ra re fa c tio n  at v a rio u s  p e r io d s  a f te r  decom ­
p re ss io n  from  a safe  in c re a se  in p re s s u re ,  c a isso n  d ise a se  sym ptom s 
which develop in an im als  m ay be of dual n a tu re : they  m ay o ccu r im m e­
d iately  a f te r  the beginning of the a scen t, o r  a t v a rio u s  p e r io d s  a f te r  
reach ing  an a ltitude .

2. A fter em erg in g  from  depths known to be safe , gas bubbles m ay be 
form ed and p re s e rv e d  fo r a long tim e  in the body; they  a re  the po ten tia l 
c au ses  of c a isso n  d ise a se  sym ptom s. T hereby  th e re  m ay be no functional 
d iso rd e rs  w hatsoever.

3. Dyspnea and g en e ra l d ep re ss io n  of the body, ev idently  a sso c ia te d  
with a ir  em bolism , constan tly  accom pany signs of ca isso n  d isea se ; they 
o ccu r a lso  when c a isso n  d ise a se  phenom ena do not lead  to developm ent of 
typ ica l d eco m p ressio n  d is o rd e rs  in the lim bs.

4. P rovoca tion  of c a isso n  d is o rd e rs  by m eans of a sc e n t to a ltitu d e  is 
a c r ite r io n  of the p re se n c e  of " s ilen t"  gas bubbles in the body and the 
m easu re  of its  su p e rsa tu ra tio n  with n itrogen . T h is m ethod show s p ro m ise  
fo r fu r th e r  ex p erim en ta l and p o ssib ly  a lso  p ra c tic a l use .
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P . M. G ram en itsk ii and A. A. Savich

RESULTS OF EXPERIM ENTAL ANALYSIS OF DECOMPRESSION AIR
EMBOLISM

(R ezu l'ta ty  ek sp erim en ta l'n o g o  an a liza  d ek om pressionno i ae ro em b o lii)

T h ere  is  now no doubt th a t the a i r  em bolic p ro c e s s  which begins in the 
venous c a p il la r ie s  is  an e s se n tia l  and p o ss ib ly  the m a jo r  com ponent in 
p a th o g en esis  of d eco m p ress io n  d is o rd e rs . T h e re fo re , to u n d e rs tan d  the 
m echan ism  of developm ent of d eco m p ress io n  d is o rd e rs , it is  v e ry  im p o r t­
ant to study  the cond itions which a ffec t gas fo rm atio n  in the blood v e s s e ls , 
the fa te  of the gas bubbles fo rm ed , and the physio log ica l re a c tio n s  which 
they  induce.

In the l i te r a tu r e  a g re a t num ber of o b se rv a tio n s  have been p re sen ted  on 
in tra v ita l and p a r t ic u la r ly  post m o rtem  gas fo rm atio n  in the body (B er, 
1878; H e lle r, M ager, S ch ro te r, 1900; Boycott et al, 1908; H arvey  et al, 
1944; H arvey, 1950; B links et al, 1951; B restk in , 1952; Vavilov and 
G ram en itsk ii, 1958; and o th e rs ) . H ow ever, a num ber of p ro b le m s in th is  
fie ld  s ti l l  re m a in  unsolved: the sequence of ap p earan ce  of gas bubbles in 
d iffe ren t blood v e s s e ls , the quantita tive  re la tio n sh ip s  betw een gas 
fo rm atio n  in d iffe ren t p a r ts  of the blood s tre a m , the p ro b le m s of p rin c ip le  
in the patency  of pu lm onary  c a p illa r ie s  to a i r  em boli, and the ap p earan ce  
of the la t te r  in the a r te r ia l  blood.

In the p re s e n t in v estiga tion  we a ttem pted  to obtain  add itional data on 
som e of th e se  p ro b lem s.

O ur ex p e rim en ts  w ere divided into two groups: in som e e x p e rim e n ts  
we d isse c te d  the an im als  a f te r  d eco m p ressio n , and ac tu a lly  o b se rv e d  gas 
fo rm atio n  in the blood v e s s e ls  and t is s u e s  both b efo re  and a f te r  the an im al 
had died; in o th e rs  we used  sp ec ia l techn iques fo r  d em o n stra tin g  gas 
bubbles in the blood (gas tra p s , cen trifu g a tio n  of blood) and sim u ltan eo u sly  
re c o rd e d  changes in r e s p ira tio n  and c a rd io v a sc u la r  ac tiv ity  in the an im a ls .

M ethod *

E x p e rim en ts  with o b se rv a tio n  of gas fo rm atio n  in blood v e s s e ls  w ere 
p e rfo rm ed  on 22 ra b b its  w eighing 2 — 3.5 kg. The a n im a ls  w ere  kept in a 
p r e s s u re  ch am b er un d er a p r e s s u re  of 2.25 to 5 atm  fo r 6 h r s .  D e c o m p re s­
sion was conducted e ith e r  a t a m axim um  ra te  of 10— 15 sec o r  a som ew hat 
reduced  ra te  (50 — 60 sec). In the fo rm e r  c a s e s , in o rd e r  to  avoid 
p re s s u re  in ju ry  to the lungs, an hour befo re  the end of the ex p o su re  p e rio d
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the an im a ls  w ere e leva ted  to the su rfa c e  with two o r  th re e  b rie f  stops; a 
trach eo to m y  was rap id ly  p e rfo rm ed  on them , and they w ere again sub jected  
to co m p ress io n  p r io r  to the in itia l p r e s s u re  effect. At the end of an hour 
fin a l d eco m p ressio n  was p erfo rm ed .

Some of the an im als  w ere k illed  with an e le c tr ic  c u rre n t im m ed ia te ly  
upon em erg in g  from  in c re a se d  p re s s u re ; o th e rs  w ere an es th e tized  (ether, 
hexenal), a f te r  which they w ere d isse c te d  and a study was m ade of the 
blood v e s se ls  of the subcutaneous tis su e , lim bs, abdom inal o rg an s, ao rta , 
venae cavae, c o ro n a ry  blood v e s s e ls  and ca rd ia c  ch am b ers . Incidentally , 
a tten tion  w as d ire c te d  to the o c c u rre n ce  of gas bubbles in the fa t t is su e s  
av a ilab le  to ob serv a tio n .

At the end of the ex p erim en t the lungs w ere te s te d  fo r  p r e s s u re  traum a; 
in a ll c a se s  r e s u lts  w ere  negative.

E x p erim en ts  with gas t r a p s  and cen trifu g a tio n  of the blood w ere p e rfo rm ed  
on 30 dogs. * The an im als  under m orph ine and hexenal an es th es ia , with 
fe m o ra l and c e rv ic a l blood v e s se ls  d issec ted  beforehand, w ere p laced  in

a ch am b er under a  p r e s s u re  of 
3— 13.5 atm  fo r d iffe ren t p e r io d s  of 
tim e . The ch am b er had a fo rech am b er 
which se rv e d  a s  an a i r  lock. In the 
c a se  of lo n g - te rm  exposu re  and 
p re s s u re  from  3,0 to 5.0 atm , 30 —
60 m in befo re  d eco m p ress io n  two 
in v e s tig a to rs  went into the cham ber, 
in jec ted  h ep arin  into the an im al, and 
se t up the gas tr a p s  in the ca ro tid  
a r te ry  and fem o ra l vein. The a r r a n g e ­
m ent and p rin c ip le  of o p era tio n  of the 
gas t r a p s  a re  shown in F ig u re  1.

A fter se ttin g  up the gas t r a p s  the 
in v e s tig a to rs  le ft the ch am b er through 
the a i r  lock, m ain ta in ing  the decom ­

p re s s io n  cond itions. At the end of the p e rio d  of action  of in c re a se d  p re s s u re  
the dog was quickly ra is e d  to the su rface , w here o b se rv a tio n s  w ere m ade 
of gas form ation ; a t the sam e tim e  a re c o rd  was m ade of r e s p ira tio n  and 
blood p re s s u re  on a kym ograph. In those c a se s  w here a p r e s s u re  of the 
o rd e r  of 9 —13.5 atm  was used , the a r te r ia l  gas tra p  was se t up befo re  the 
dog was put into the ch am b er but opened im m ed ia te ly  a f te r  d eco m p ressio n . 
Im m ed ia te ly  a f te r  it w as opened, the gas tra p  was in troduced  into the 
fe m o ra l vein.

In six  ex p erim en ts  an o b se rv a tio n  was m ade of the ap p earan ce  of gas 
bubbles in the a r te r ia l  gas tra p  a f te r  in trav en o u s in jec tion  of a i r  into the 
an im als  under o rd in a ry  p re s s u re  conditions. In five ex p erim en ts , both 
in the c a se  of d eco m p ress io n  and a r t if ic ia l  a i r  em bolism , cen trifugation  
of the a r te r ia l  blood was p e rfo rm ed  so that when it was se p a ra te d  into its  
v a rio u s  fra c tio n s , sm a ll bubbles inv isib le  to the naked eye would flo a t up 
and ap p ear o v er the c le a r  la y e r  of p la sm a . F o r th is  p u rpose , both o u tle ts  
of the gas tra p s , e n tire ly  filled  with blood, w ere c lo sed  with sm all s toppers; 
upon cen trifuga tion  the la t te r  w ere d ire c te d  tow ard  the c e n te r  of ro ta tion .
A study was m ade of a co n tro l sam ple  of blood taken  befo re  the an im al was 
put into the cham ber and of two o r  th re e  sam p les  taken  a f te r  d eco m p ressio n .

* I n  t h e  p e r f o r m a n c e  o f  s o m e  o f  t h e s e  e x p e r i m e n t s  N . Y a . S i d o r o v  a n d  K . S . Y u r o v a  p a r t i c i p a t e d .

F I G U R E  1 .  D i a g r a m  o f  t h e  g a s  t r a p
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R esu lts  of the E x p e rim en ts

In a ll e x p e rim e n ts  with o b se rv a tio n  of the blood v e s s e ls  of an im a ls  
k illed  and d isse c te d  im m ed ia te ly  a f te r  d eco m p ress io n  (p re s s u re s  of 2.25, 
2.5, 2.75, 3.0, 3.25, and 5.0 atm  and exposu re  of 6 h rs )  we noted w ithout 
exception  the ap p earan ce  of gas bubbles both in the veins and in the 
a r te r ie s .  The num ber of gas bubbles depended on the p re s s u re  used  in 
the ex p e rim en ts : a t 2.25 atm  they  could e a s ily  be counted in  one o r  ano ther 
of the  blood v e sse ls ; with in c re a se  in the p r e s s u r e  by tyl atm  th e ir  num ber 
in c re a se d , and a t 3.25 atm  they  w ere  p re s e n t  in la rg e  n um bers; finally , 
a t 5 atm  the blood v e s s e ls  w ere  so lid ly  filled  with gas.

The f i r s t  gas bubbles in the blood v e s s e ls  which w ere  v is ib le  a t 
p r e s s u r e s  o:F 3.25 — 2,25 atm  ap p eared  3— 10 m in  a f te r  d eco m p ressio n , 
and a t p r e s s u r e s  of 5 atm  they  w ere  found im m ed ia te ly  a f te r  d issec tio n .

With re s p e c t  to  the in ten s ity  of gas fo rm atio n  in th e se  e x p e rim e n ts  it is  
d ifficu lt to  say  th a t any one a r e a  of blood v e s s e ls  w as p a r t ic u la r ly  affected; 
it  is  im p o rtan t to  em phasize  th a t h e re , a s  a ru le , th e re  was no g re a t 
d iffe ren ce  betw een a r t e r i e s  and veins. In som e ex p e rim en ts  it  was found 
th a t gas fo rm a tio n  in  the a r t e r i e s  began e a r l ie r  and p ro ceed ed  m o re  
ac tiv e ly  than  in the c o rre sp o n d in g  ve in s . To exclude the p o ss ib ility  of gas 
bubbles p a ss in g  th rbugh a r te rio v e n o u s  an as to m o ses , we iso la ted  v a rio u s  
se c tio n s  of a r t e r i e s  and veins with lig a tu re s  in a num ber of ex p e rim en ts .
In all c a se s  where the iso lated  section s of various blood v e s s e ls  w ere not 
exceedingly  sm a ll, gas fo rm atio n  o c c u rre d  both in the venous and a r t e r i a l  
blood.

In ex p e rim en ts  on a n es th e tized  ra b b its  which, while s ti l l  a liv e , w ere  
d isse c te d  im m ed ia te ly  a f te r  d eco m p ressio n , gas fo rm a tio n  in the venous 
blood w as a lso  o b se rv ed  w ithout exception. The only d iffe ren ce  from  
p rev io u s  e x p e rim e n ts  w as tha t gas bubbles ap p eared  som ew hat la te r ,  in 
s m a lle r  n u m b ers , and ch iefly  in  the veins c a rry in g  blood fro m  the t is s u e s  
r ic h  in fa t.

B ecause  it w as im p o ssib le  to o b se rv e  gas bubbles in the  a r t e r i e s  during  
the m ovem ent of blood, we lig a ted  the a r te r ie s  a t v a rio u s  p e r io d s  a f te r  
d eco m p ress io n . In som e c a s e s  the abdom inal a o r ta  w as lig a ted  u n d er the 
d iaphragm ; a t the sam e  tim e  a lig a tu re  was applied  to the vena cava a t the 
sam e  level and in th is  way the blood flow was stopped  in the e n tire  hind 
p a r t  of the a n im a l 's  body. In o th e r  c a s e s  the fe m o ra l a r t e r i e s  and veins, 
the re n a l a r te r ie s  and veins, the b ran ch es  of the m e se n te r ic  a r t e r i e s  and 
veins w ere  lig a ted . In addition, a sec tio n  of the abdom inal a o r ta  w ithout 
b ran ch es  o r  sec tio n s  of the m e se n te r ic  a r te r ie s  w ere  a lm o st alw ays 
iso la ted  betw een two lig a tu re s .

The e x p e rim e n ts  show ed th a t when the lig a tu re s  w ere app lied  in the 
f i r s t  10— 15 m in  a f te r  d eco m p ress io n  gas bubbles alw ays ap p eared  in  the 
lig a ted  a r te r ie s ,  includ ing  tho se  sec tio n s  which w ere  co m ple te ly  iso la ted . 
W hile in itia lly  sm a ll, the bubbles g rad u a lly  grew  la rg e r , developing into 
gas accu m u la tio n s in a num ber of c a s e s . U nder conditions which w ere 
o th e rw ise  the sam e, gas fo rm a tio n  p roved  to be m o re  ac tiv e  the e a r l ie r  
the blood flow w as stopped; when the lig a tu re  w as applied  the f i r s t  3 m in  
a f te r  d eco m p ress io n , its  in ten sity  in the a r te r ie s  w as even som ew hat 
g re a te r ,  a s  a ru le , than  in the vein s  liga ted  in a s im ila r  way.

At a p r e s s u r e  of 3.25 a tm , a  15 m inute p e rio d  a f te r  d eco m p ress io n  
w as the m axim um  fo r in t r a - a r te r ia l  gas fo rm ation ; gas bubbles n ev er
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o c c u r r e d  in a r t e r i e s  l i g a t e d  a f t e r  t h i s  t i m e .  A p p e a r a n c e  of b u b b l e s  in t he  
v e n o u s  b lood,  bo th  in n o n l i g a t e d  and  l i g a t e d  b lood  v e s s e l s ,  co u ld  be 
o b s e r v e d  f o r  a few s c o r e  m i n u t e s  a f t e r  t h i s .  G as  f o r m a t i o n  in t he  fa t  
t i s s u e s  ( f a t t y  t i s s u e s  s u r r o u n d i n g  t h e  m e s e n t e r i c  b lood  v e s s e l s ,  r e t r o ­
p e r i t o n e a l ,  and  s u b c u t a n e o u s  fa t ) ,  wa s  d i s t i n c t  on ly  a f t e r  t he  a n i m a l s  h ad  
be en  u n d e r  p r e s s u r e  e x c e e d i n g  3 a tm .

In e x p e r i m e n t s  on  d o g s  w i th  t h e  u s e  of g a s  t r a p s ,  i n i t i a l l y  a p r e s s u r e  
of 3 a t m  w a s  a p p l i e d  wi th  a 6 h o u r  e x p o s u r e  (f ive e x p e r i m e n t s ) .  In a l l  
c a s e s  5 — 8 m i n  a f t e r  d e c o m p r e s s i o n  g a s  b u b b l e s  b e g a n  t o  a p p e a r  in t he  
v e n o u s  ga s  t r a p s ;  t h e i r  n u m b e r  i n c r e a s e d  so  r a p i d l y  t h a t  s h o r t l y  a f t e r w a r d  
t he  u p p e r  p o r t i o n  w as  f i l l ed  wi th a l a y e r  of f i ne  b loody  f o a m .  Ga s  f o r m a ­
t i on  in t he  v e n o u s  b lood  i n c r e a s e d  in t he  f i r s t  15— 20 mi n ;  b e g in n i n g  wi th 
t he  30th — 35th m i n u t e  t h e r e  w as  a  g r a d u a l  r e d u c t i o n ,  an d  1 — 1.5 h r s  l a t e r  
it  h a d  a l m o s t  c o m p l e t e l y  d i s a p p e a r e d .  In t h r e e  ou t  of  f i v e  e x p e r i m e n t s  we 
o b s e r v e d  s m a l l  n u m b e r s  ( 1 0 — 20) of g a s  b u b b l e s  in t h e  a r t e r i a l  g a s  t r a p  
in t he  1 0 t h — 12th m i n u t e  a f t e r  d e c o m p r e s s i o n ;  s u b s e q u e n t l y  t h e i r  n u m b e r  
d id  no t  i n c r e a s e ;  a l l  f i ve  a n i m a l s  s u r v i v e d  c a i s s o n  d i s e a s e .

FIGURE 2. Change in respiration and circulat ion o f  a dog with decompression air em boli sm .
The  begi nni ng  of the record was m a d e  12 mi n  af ter  decompr es s i on  (pressure and exposure t i me  as 
fol lows:  o a t m,  20 min;  4 a t m,  2 lirs; 3 a t m,  1 hr 30 mil l ;  4 a t m,  1 hr 30 mi n) .  Expe r i ment  
of 12 May 1339.

From top down:  respi rat ion,  blood pressure in d i e  f emor al  ar tery;  l i me  ma r k i ng ,  3 - s econd
interval s;  base l ine of the blood pressure.  I lie blood pressure at  the bee i nn i ng  of the record was 
1J0 m m .  1'lie mar k  on the bot t om curve represent s  the open i ng  of  t he ar t er ial  gas trap,  the 
arrow indi ca t es  the a p p e a r a n c e  o f  bubbles  in the a r t e r i a l  blood.

In t h e  o t h e r  15 e x p e r i m e n t s  p r e s s u r e s  f r o m  5 — 13.5 a t m  w e r e  u s e d  wi th  
d i f f e r e n t  e x p o s u r e  t i m e s .  T h e  r e s u l t s  of  t h e s e  e x p e r i m e n t s  a r e  s h o w n  in 
t h e  t a b l e ,  f r o m  wh ich  it  i s  e v i d e n t  t h a t  in f i ve  c a s e s  a c c o m p a n i e d  by 
m o d e r a t e  o r  s l i g h t  g a s  f o r m a t i o n  in t h e  v e n o u s  b lood ,  b u b b l e s  w e r e  no t  
f ound  in t he  a r t e r i a l  ga s  t r a p .  In t h e  o t h e r  10 e x p e r i m e n t s ,  t o g e t h e r  wi th 
a v i g o r o u s  g a s  f o r m a t i o n  in t h e  v e i n s ,  g a s  b u b b l e s  a l s o  a p p e a r e d  in t he  
a r t e r i a l  b lood .  In s o m e  e x p e r i m e n t s  t h ey  w e r e  o c c a s i o n a l ;  in t h e  m a j o r i t y  
t h e y  c a m e  to s e v e r a l  s c o r e .  In t h o s e  c a s e s  w h e r e  r a p i d  d e a t h  of the 
a n i m a l s  did not  occur- ,  the  a p p e a r a n c e  of  g a s  b u b b l e s  in t h e  a r t e r i a l  b lood  
s t oppi -d  a f t e r  a c e r t a i n  t i m e  ( u s u a l l y  1 2 — 20 min ) ;  in t he  v e n o u s  b loo d  
v i g o r o u s  g a s  f o r m a t i o n  co n t i n u e d .
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Changes! in the r e s p ir a to ry  and c a rd io v a sc u la r  a c tiv ity  of the an im a ls  
w ere, in g en era l, ty p ica l of pronounced  c a isso n  d ise a se  and e s se n tia lly  
fit the p ic tu re  d e sc rib e d  p rev io u sly  by 1.1. Vavilov and P , M. G ram en itsk ii 
(1958). H ow ever, a co m p ariso n  of th e se  functional changes when gas 
fo rm s  in the a r te r ia l  blood showed the follow ing cu rio u s  fac t: when a 
co n sid e rab le  num ber of gas bubbles was noted in the a r te r ia l  gas tra p  
a p ronounced  and quite long- la s tin g  p r e s s o r  re a c tio n  u su a lly  o c c u rre d , 
ag a in st a background of b rad y ca rd ia , with p e rio d ic  m ark ed  in c re a s e s  in 
the h e a r t  r a te  (F ig u re  2).

A fte r in trav en o u s in jec tion  of a i r  into the an im als  a t o rd in a ry  p re s s u re  
we n ev e r o b se rv ed  the ap p earan ce  of gas bubbles in the a r te r ia l  gas tra p , 
even though the a ir  had been in troduced  in la rg e  qu an tities  and the dogs 
u ltim a te ly  died of a i r  em bolism .

C en trifugation  of the a r te r ia l  blood was un ju stified  fro m  the m ethodo lo ­
g ica l view point and fa iled  to give d is tin c t re s u l ts .

D iscussion  of R esu lts

The ex p e rim en ts  p e rfo rm e d  con firm ed  the p rin c ip le  a lre a d y  known tha t 
the a i r  em bolic p ro c e s s  in the venous sy stem  r e p re s e n ts  the basic  
phenom enon in pa th o g en esis  of o v e rt d eco m p ress io n  d is o rd e rs . At the 
sam e tim e, new fa c ts  w ere  obtained dealing  with the ap p earan ce  of gas 
bubbles in  the a r te r ia l  blood during  d eco m p ress io n  d is o rd e rs .

It is  not s u rp r is in g  th a t in ten se  gas fo rm a tio n  o c c u rs  not only in the 
venous but a lso  in the a r te r ia l  blood of an im als  k illed  im m ed ia te ly  a f te r  
ra p id  d eco m p ress io n  from  p re s s u re s  of 2.25 atm  o r  m o re . D uring the 
sh o rt p e rio d  of ac tu a l d eco m p ressio n  and the 15 — 30 sec which e lapsed  
a t the su rfa c e  b efo re  the a n im a l 's  death no co n sid e rab le  d e sa tu ra tio n  
could have o c c u rre d , and a ll the body t is s u e s  including the a r t e r i a l  blood 
w ere  equally  s u p e rsa tu ra te d  with n itrogen . T rue , if we c o n s id e r th a t the 
a r te r ia l  blood com es to equ ilib rium  with a lv e o la r  a i r  with re s p e c t  to 
n itro g en  diffusion ju s t a s  quickly a s  with re sp e c t to oxygen o r  ca rbon  
dioxide d iffusion, i .e .,  a lm o st in stan taneously  we m ight expect, under th e se  
conditions, a som ew hat l e s s e r  d eg ree  of gas fo rm atio n  in the a r te r ia l  
blood than in the venous blood. H ow ever, the e x p e rim e n ts  did not show 
th is . The fac t th a t gas bubbles and accum u la tio n s did ap p ea r in the 
stopped a r te r ia l  blood when the a r te r ie s  w ere  lig a ted  co m p arab ly  long 
p e r io d s  (up to 15 m in) a f te r  d eco m p ressio n  is  m o st in te re s tin g  and, it 
m ight be sa id , unexpected . As h as  a lre a d y  been po in ted  out, v is ib le  gas 
bubbles do not ap p ea r im m ed ia te ly  a f te r  app lica tion  of the lig a tu re s , and 
once they  ap p ea r, they  continue to in c re a se  in s iz e  stead ily . T h e re fo re , 
th is  w as not a m a tte r  of liga tion  of the a r te r ie s  and stoppage of th e ir  blood 
flow p e rm ittin g  the de tec tion  of gas bubbles which had p rev io u sly  fo rm ed  
in the a r t e r i a l  blood; th is  w as undoubtedly a m a tte r  of gas fo rm atio n  
w ithin the .a r te r ia l v e s s e ls .

T rue  enough, ex p e rim en ts  with gas tr a p s  lead  u s  to suppose th a t in 
the a r te r ia l  blood in the p re se n c e  of o v e rt s igns of ca isso n  d ise a se , 
so m etim es  with o ccasio n a l bubbles v is ib le  to the naked eye, th e re  m ay 
a lso  be a quite la rg e  num ber of m ic ro sco p ic  "gas em b ry o s" . H ow ever,
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even h e re , the fac t tha t no la rg e  q u an tities of gas a re  fo rm ed  in the liga ted  
a r te ry  is  beyond doubt.

The re a so n s  fo r th is  gas fo rm atio n  m ay be reduced  to th re e  c irc u m ­
stan ces : because  of slow diffusion of n itro g en  in the lungs the a r te r ia l  
blood a s  a whole rem a in s  su p e rsa tu ra te d  with it in the p e r io d s  ind ica ted  
a f te r  deco m p ressio n , o r  the fo rm ed  e lem en ts  of the blood which 
d e sa tu ra te  m o re  slow ly than p la sm a  fu rn ish  the n itrogen , o r  the n itrogen  
d iffuses into the stopped blood from  the a r te r ia l  w alls, which, incidentally , 
a re  r ic h  in lipo ids which re a d ily  d isso lve  ind iffe ren t g a se s .

T hese th re e  p o ss ib le  ca u se s  of gas fo rm atio n  in the lig a ted  a r te r ie s  
m ay w ell o p e ra te  s im u ltaneously . In any ca se , the r e s u l ts  of the e x p e r i­
m en ts  leave no doubt tha t in th e se  s itu a tio n s  (rap id  d eco m p ress io n  from  
p r e s s u r e s  of 2.25 — 3.25 atm  a f te r  a 6 hour exposu re  period) th e re  a re  
a ll the conditions fo r  gas fo rm atio n  in the a r te r ia l  blood (in the a r te r ie s )  
10—15 m in a f te r  d eco m p ressio n .

E vidently , the only fa c to r  p rev en tin g  the re a liz a tio n  of th ese  conditions 
in the in tac t o rg an ism , as  was the case  in our ex p erim en ts , is  the rap id  
m ovem ent of a r te r ia l  blood. F o r the fo rm atio n  of v is ib le  gas bubbles in 
a su p e rsa tu ra te d  solu tion  a tim e  m easu red  in m inu tes is  re q u ire d , w h e re ­
a s  a c e r ta in  p o rtion  of the a r te r ia l  blood t r a v e r s e s  i ts  e n tire  ro u te  from  
the pu lm onary  c a p illa r ie s  to the c a p illa r ie s  of even the fu r th e s t p a r ts  of 
the body in a p e r io d  m e a su re d  in seconds. T his tim e  is  c le a r ly  inadequate 
fo r  m ic ro sco p ic  gas bubbles o r  "gas em b ry o s"  fo rm ed  in the blood itse lf  
and p ass in g  through the pu lm onary  c a p illa r ie s  to in c re a se  to a la rg e  s ize .

R ela tive ly  la rg e  gas bubbles in the m oving a r te r ia l  blood ev idently  can 
be fo rm ed  only when th e re  a re  s e v e re  d eg rees  of su p e rsa tu ra tio n  of the 
body with the ind iffe ren t gas. A pparently , o u r ex p erim en ts  with gas tra p s  
a tte s t  to th is . H ow ever, in connection with every th ing  s ta ted , the r e s u lts  
cannot be evaluated  ca teg o rica lly : a co n sid e rab le  slow ing of the blood flow 
in the gas tra p  m ay have p layed  a p a r t  in the ap p earan ce  of gas bubbles 
v isib le  to the eye.

The fa c ts  obtained m ake us take  a som ew hat d iffe ren t app roach  to the 
p roblem  of d eco m p ress io n  a ir  em bolic phenom ena in the a r te r ia l  sy s tem .

S ources in the l i te ra tu re  u su a lly  pose th is  p rob lem  in the following 
m anner: If the pu lm onary  c a p illa r ie s  a re  paten t to gas bubbles, a s
F o tak is, L 'H e rm ite  and H asseigne and P in es  (quoted by Yakobson, 1950) 
believe, the ap p earan ce  of gas bubbles in the a r te r ia l  blood is  e n tire ly  
possib le ; if the pu lm onary  c a p illa r ie s  a re  not pa ten t, a s  the m a jo rity  of 
investigators (Magendie, 1821; Shestopal, 1898; Miram, 1909; II'in,
1914, and o th e rs) s ta te , th e re  should be no gas bubbles. Such a fo rm u la ­
tion of the prob lem  is , in o u r opinion, un justified . Undoubtedly, the 
pu lm onary  c a p illa r ie s , in c o n tra s t to the v a sc u la r  sy stem  of the g re a te r  
c ircu la tio n , do not p e rm it the p assag e  of la rg e  bubbles v is ib le  to the eye, 
but th is  does not a t a ll m ean  tha t they a re  abso lu te ly  nonpatent to a i r  
em boli. The la t te r ,  a f te r  blocking the c a p illa r ie s , d e c re a se  in s ize  
because of n itrogen  diffusion into the  a lv e o la r  space, and becom e s m a lle r  
than the c a p illa ry  d iam e te r. Then, by fo rc e  of the blood p re s s u re ,  they 
should inevitab ly  be c a r r ie d  into the pu lm onary  veins.

If the a r te r ia l  blood is  not su p e rsa tu ra te d  with n itrogen , m ic ro sco p ic  
gas bubbles m ay be d isso lv ed  in the p lasm a , a s  pointed  out by A. P . B re s tk in  
(1953), because of e x c e ss  p r e s s u re  in them  which in c re a s e s  w ith volum e 
reduction .
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E vidently , because  of the se lf-  d e s tru c tio n  of su b c a p illa ry  gas bubbles 
p a ss in g  through the pu lm o n ary  v a sc u la r  sy s tem , under o rd in a ry  
cond itions we n ev e r find a i r  in the a r te r ia l  blood a f te r  it h as  been in tro ­
duced into the veins.

A d iffe ren t s itua tion  a r i s e s  in d eco m p ressio n  a i r  em bo lism . H ere, as 
e x p e rim e n ts  have shown, fo r  m any m in u tes  a f te r  d eco m p ressio n  the 
a r te r ia l  blood con tinues to be s u p e rsa tu ra te d  with n itro g en , and a ll con­
d itions a r e  p re s e n t fo r  the expansion of gas "em b ry o s"  which have p assed  
through the pu lm onary  c a p il la r ie s . H ow ever, because  of the rap id  m ove­
m en t of a r te r ia l  blood the gas bubbles in it cannot expand to a la rg e  
s ize , and, a s  a ru le , no a i r  em bolism  o c c u rs  in the a r t e r i a l  b ran ch es  of 
the g re a te r  c irc u la tio n , p a r t ic u la r ly  since  they a re  c o n sid e rab ly  m o re  
p a ten t to gas bubbles than the pu lm onary  c a p illa r ie s .

On the b a s is  of every th ing  s ta ted , we can re p re s e n t  the developm ent of 
a i r  em bolism  when the body is  co n sid e rab ly  s u p e rsa tu ra te d  with n itro g en  
in itia lly  a f te r  d eco m p ress io n  in the follow ing way. L arge  m a s s e s  of gas 
constan tly  fo rm ed  in the slow - m oving venous blood a re  re ta in e d  in the 
pu lm onary  c a p illa r ie s , w here d iffusion of n itro g en  from  the a i r  em boli 
into the a lv e o la r  space  o c c u rs . M icroscop ic  gas bubbles constan tly  
p e n e tra te  into the a r t e r i a l  blood through the pu lm onary  v a sc u la r  system ; 
because  of the su p e rsa tu ra tio n  ex is tin g  h e re  they  begin to  expand, but 
because  of the ra p id ity  of the blood flow, they do not re a c h  a la rg e  s iz e , 
and they  e n te r  the t is s u e  c a p il la r ie s , w here they  m ee t a ll the cond itions 
fo r  fu r th e r  in c re a se  in s iz e . T h ere fo re , p ro g re s s iv e ly  new er p o rtio n s  
of gas com e to the lungs; they a re  re ta in e d  and, to  a c o n s id e ra b le  d eg ree , 
e lim in a ted  th e re , and only the s m a lle s t  gas bubbles p a s s  through the 
a r te r ia l  sy stem  co n stan tly . It is  s ig n ifican t tha t the p o ss ib ility  of th e ir  
en la rg em en t to dangerous em bolic s ize  is  d e te rm in ed  by the tim e  of 
p a ssa g e  of the a r te r ia l  blood to one p a r t  of the body o r  a n o th e r. Such a 
danger is  le s s  th rea ten in g  to o rg an s  loca ted  c lo s e r  to the h e a r t , and, 
evidently , is  p ra c tic a lly  im p o ssib le  fo r  the h e a r t  m u sc le  itse lf .

In conclusion , it should be noted th a t the m ost im p o rtan t idea stem m in g  
from  the fa c ts  ob tained  is  th a t of slow n itrogen  diffusion. T his re q u ire s  
the m o st im m ed ia te  ex p erim en ta l v e rifica tio n , because  it  dea ls  with the 
fundam ental question  of the  e n tire  p rob lem  of d eco m p ress io n  d is o rd e r s  — 
the ra te  of sa tu ra tio n  and d esa tu ra tio n  of the body a s  a whole and of its  
se p a ra te  t is s u e s .

C onclusions

1. When ra b b its  w ere k illed  im m ed ia te ly  a f te r  d eco m p ress io n  from  a 
p r e s s u r e  of 2,25 atm  o r  m o re  a f te r  a 6 ho u r ex posu re , p ronounced  gas 
fo rm atio n  o c c u rre d  in the veins and a r te r ie s  of v a rio u s  p a r ts  of the body.

2. U nder s im ila r  cond itions in liv ing  ra b b its  a f te r  liga tion  of a r te r ie s ,  
c a r r ie d  out in the f i r s t  15 m in a f te r  d eco m p ress io n  and in com plete ly  
iso la ted  se c tio n s  of a r te r ie s ,  gas bubbles and an accum ulation  of gas a re  
found.

3. With ac tive  p o s t-  d eco m p ress io n  gas fo rm a tio n  in the venous blood 
of dogs, gas bubbles u su a lly  ap p ea r in the gas tra p  in troduced  into the 
c a ro tid  a r te ry ,  and a re  a s so c ia te d  w ith an in c re a se  in blood p r e s s u r e  and 
b rad y ca rd ia .
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4. A fter a i r  is  in trav en o u sly  in jec ted , it cannot be found in the a r te r ia l  
blood.

5. When the body is  co n sid e rab ly  su p e rsa tu ra te d  with n itrogen , fo r  a 
co m p ara tiv e ly  long tim e  a f te r  d eco m p ress io n  (at 3.25 atm , 15 m in) a ll 
conditions a re  p re se n t fo r  gas fo rm atio n  in the a r te ry .  However, 
because  of the ra p id  flow of the a r te r ia l  blood the gas bubbles in it u sua lly  
do not m anage to in c re a se  to v is ib le  s ize .

6. The data ob tained su g g ests  the idea of slow n itrogen  diffusion in the 
lungs and, evidently , in the t is s u e s .
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P . M. G ram en itsk ii, A. A. Savich, and K. S. Y urova

THE E F F E C T  OF D IFFER EN T GASES ON THE ORGANISM 
A FT E R  INTRAVENOUS ADMINISTRATION

(D eistv ie  na o rg an izm  raz lichnykh  gazov p r i  ikh vnutrivennom  w e d e n ii)

As d e te rm in ed  by A. P . B re s tk in  (1958), blood is  m uch le s s  
ab le  to re ta in  n itro g en  in a su p e rsa tu ra te d  so lu tion  than  o th e r  body t is s u e s . 
B ecause  of th is , when d eco m p ress io n  exceeds the lim it of the p e rm is s ib le  
change in p r e s s u re ,  gas fo rm atio n  o c c u rs  with p a r t ic u la r  e a se  in  venous 
blood, which is  su p e rsa tu ra te d  w ith n itrogen  diffusing into it  fro m  the 
t is s u e s .  The s tu d ie s  of 1.1. V avilov and P , M, G ram en itsk ii (1958) show 
th a t a i r  em bo lism  of the venous sy s tem  and p u lm onary  blood v e s s e ls  is  
the c e n tra l  phenom enon in the p a th o g en esis  of d eco m p ress io n  d is o rd e rs .

On th is  b a s is , it was in te re s tin g  to study the body 's  re a c tio n s  to 
in jec tio n s of v a rio u s  g ase s  into the venous blood, because  in ac tu a l c a s e s  
of c a is so n  d ise a se  gas bubbles m ay d iffe r co n sid erab ly , depending on the 
gas m ix tu re  b rea th ed  b efo re  d eco m p ressio n , a s  w ell a s  on the abso lu te  
p r e s s u r e s  un d er which the d eco m p ress io n  d is o rd e rs  developed. The 
low er th is  p r e s s u r e ,  the m o re  re a d ily  the bubbles of in d iffe ren t gas 
(n itrogen  o r  helium ), m o lecu les  of ca rb o n  dioxide o r  oxygen, w ill d iffuse. 
T h e re fo re , it  w as in te re s tin g  to  in v estig a te  the e ffec t of each  of th e se  
g ase s  se p a ra te ly , a s  w ell a s  a i r  and a h e liu m - oxygen m ix tu re , which a re  
u sed  fo r  b rea th in g  in u n d e rw a te r d e scen ts .

Method

In a ll, 68 s h o r t - te r m  ex p e rim en ts  w ere  p e rfo rm ed  on 50 c a ts  and 18 
ra b b its , and 15 lo n g - te rm  ex p e rim en ts  w ere  p e rfo rm e d  on ra b b its . A 
s h o r t-  te rm  ex p erim en t w as p e rfo rm e d  under hexenal a n e s th e s ia . A 
kym ographic  r e c o rd  was m ade by the u su a l m ethod of re s p ira t io n  and blood 
p r e s s u r e  in the le ft fe m o ra l a r te ry .  A cannula was in s e r te d  into the 
r ig h t fe m o ra l vein  fo r  the in troduction  of gas. The la t te r  w as c a r r ie d  out 
by m ean s of a sp ec ia l sy s tem , co n sis tin g  of a la rg e  (3 l i te r )  funnel from  
a  gas m e te r  and a g la s s  b u re tte  of 15 m l, which w ere connected  by a 
ru b b e r  tube, w ith a sc rew  clam p reg u la tin g  i ts  lum en. T h is sy s tem  of 
connecting  v e s s e ls  w as filled  with w a te r. A ru b b e r  tube connected  to  the 
venous cannula  d u ring  the  in troduc tion  of the gas w as se t on the up p er end 
of the b u re tte . T h is tube and the b u re tte  w ere  filled  to the top m a rk  with 
one gas o r  an o th e r and the sc rew  clam p w as tig h tly  c losed ; the funnel with
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the fluid wars p laced  20 cm above the b u re tte . The sy stem  was connected 
with the venous cannula. On opening the sc rew  clam p the gas began to 
e n te r  the vein under the p re s s u re  of the flu id . The ra te  of its  in troduction  
could be reg u la ted  a c cu ra te ly . In a num ber of sh o rt-  te rm  ex p erim en ts  
the an im als  b rea th ed  oxygen o r  a h e liu m -o x y g en  m ix tu re  during  the 
injection  of the g a se s . In th e se  c a se s  a tracheo tom y  was p e rfo rm ed , and 
re sp ira tio n  was c a r r ie d  out through a m in ia tu re  valve box connected  to 
the tracheo tom y  tube. In 14 ex p erim en ts  a co m p ariso n  was m ade betw een 
the re a c tio n s  to in travenous gas in jection  in an im als  with an in tac t 
n ervous system  and those in an im als  whose vagus nerve  had been sev e re d  
in the neck.

In all, 15 in jec tio n s of ca rbon  dioxide, 40 of oxygen, 90 of a i r  and 
26 of the h e liu m -o x y g en  m ix tu re  w ere given. The ra te  of ad m in is tra tio n  
of the g a se s  and the sequence with which they w ere used  d iffe red  in 
v a rio u s  c a se s  depending on the a im s of the ex p erim en t. In the long- te rm  
ex p erim en ts  the g a se s  w ere in troduced  into the a u r ic u la r  ve ins of ra b b its , 
a f te r  which the condition and behavior of the an im a ls  w ere observed .

R esu lts  of the E x p erim en ts

The re s p ira to ry  and c irc u la to ry  re a c tio n s  to the in trav en o u s in jection  
of ind iffe ren t g a se s  (n itrogen , helium , and an 80 % m ix tu re  of each 
gas with oxygen) w ere v e ry  s im ila r  to those noted during  developm ent of 
d eco m p ressio n  a ir  em bolism  (Vavilov and G ram en itsk ii, 1958). In both 
c a se s  the s itua tion  am ounted e sse n tia lly  to a g radual in c re a se  in dyspnea 
with c h a ra c te r is t ic  p e rio d ic  deep and sudden in sp ira tio n s , a s tead ily  
p ro g re s s iv e  drop in blood p re s s u re ,  and b ra d y c a rd ia  o c c u rr in g  sh o rtly  
a fte r  the ad m in is tra tio n  of the gas in m ost c a s e s . C utting the vagus n e rv e s  
in the neck e lim in a te s  b rad y ca rd ia  but not dyspnea. With continued 
ad m in is tra tio n  of the gas in le tha l q uan tities, r e s p ira tio n  is  inhibited  and 
then stops in the p reag o n a l period ; the blood p re s s u re  d rops to c r i t ic a l  
lev e ls , and follow ing r e s p ir a to ry  a r r e s t ,  the ca rd iac  ac tiv ity  s to p s a f te r  
a num ber of a rrh y th m ic a l — now weak, now s tro n g  — h e a r t  b ea ts .

As the sh o rt-  te rm  ex p e rim en ts  showed, d iffe ren t g a se s  v a ry  g rea tly  
in the d eg rees  of th e ir  e ffec ts  a f te r  in travenous ad m in is tra tio n . It was 
found tha t the body su ffe rs  m ost se v e re ly  from  in travenous a i r  in jection , 
to le ra te s  the ad m in is tra tio n  of helium  and the heliu m - oxygen m ix tu re  
b e tte r , tha t of oxygen m uch b e tte r  and, finally , tha t of carbon  dioxide 
p a r tic u la r ly  w ell. T hese re la tio n sh ip s  a re  i l lu s tra te d  by the kym ogram s 
p re se n te d  below.

It should be noted tha t the effec ts  p re se n te d  on the kym ogram s r e fe r  
to ca ts , which, as the ex p erim en ts  showed, a re  incom parab ly  m ore  
re s is ta n t  to the in trav en o u s ad m in is tra tio n  of gas than  ra b b its . Thus, 
fo r  ra b b its  the in jection  of even 1 .0—1.5 m l of a i r  in 30 sec  was le thal, 
w h ereas  c a ts  can  to le ra te  an in jection  of 10— 15 m l of a i r  a t a r a te  of 
1 m l in 20 sec.

On F igu re  1 the effect of an in jec tion  of 14 m l of a i r  into the fem o ra l 
vein of the ca t at the ra te  of 1 m l in 14 sec  is  shown. As a re su lt , a f te r  
b rie f  inhibition of re sp ira tio n , dyspnea o c c u rre d , and the blood p re s s u re
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dropped from  110 to 25 m m . At the end of the a d m in is tra tio n  g radua l 
functional re c o v e r  was noted, but even 27 m in a f te r  the in jec tion  (the la s t 
re c o rd  on the righ t) the blood p re s s u re  had not re tu rn e d  to the in itia l level.

In F ig u re  2 the effect of the in jec tion  of the sam e quantity  of helium  at 
a som ew hat g re a te r  r a te  (1 m l in 12 sec) is  shown. As the kym ogram

show s, changes in re s p ira t io n  and 
c a rd io v a sc u la r  ac tiv ity  w ere  le s s  
pronounced.

The blood p re s s u re  dropped  from  
112 mm to 40 m m , but a s  e a r ly  as  
3 m in u tes  a fte rw a rd s  it had a lm o st 
re tu rn e d  to the in itia l level.

F ig u re  3 show s the e ffec t of oxygen 
in jec ted  into the vein  a t a ra te  of 
1 m l in 13 sec . The in itia l ab ru p t 
blood p re s s u re  drop is  explained  by an 
in c re a se  in the ra te  of gas a d m in is tra ­
tion. A fte r the a d m in is tra tio n  of 
14 m l of oxygen, a s  the kym ogram  
show s, no m ark ed  changes a re  noted 
in re s p ira tio n  o r  blood p re s s u re .  
C r it ic a l  functional d is o rd e rs  o c c u rre d  
only a f te r  the a d m in is tra tio n  of 41 m l 
of oxygen.

E x p e rim en ts  with in trav en o u s 
in jec tion  of ca rb o n  dioxide a t the 
sam e ra te  showed th a t the an im als  
can com pensate  fo r  th is  effect 
indefin ite ly . T hereby  the blood 
p re s s u re  does not change ap p rec iab ly , 
and only a un iform  and ac tiv e  dyspnea 
o c c u rs .

As shown in F ig u re  4, even the 
sudden in trav en o u s in jec tio n  of v e ry  
la rg e  qu an tities  of ca rb o n  dioxide 
(32 m l in 12 sec) c a u se s  only a b rie f  
blood p re s s u re  drop and very  t r a n s i t ­
o ry  r e s p ir a to ry  changes; functioning 
re tu rn e d  to n o rm a l in the next few 
m inu tes.

It was found th a t the ea se  w ith which 
the body to le ra te s  in trav en o u s in jec tion  
of one gas o r  an o th e r depends to  a 
co n sid e rab le  deg ree  on the d iffusion 
re la tio n sh ip s  c re a te d  in the lungs.

Thus, if the an im al is  m ade to b rea th  oxygen it to le ra te s  the in trav en o u s 
in jec tion  of oxygen le s s  w ell than un d er o rd in a ry  conditions, i. e ., during  
the b rea th in g  of a i r .  The a d m in is tra tio n  of a i r  while b rea th in g  oxygen is , 
co n v erse ly , to le ra te d  ap p rec iab ly  b e tte r . L ikew ise, in trav en o u s in jec tion  
of helium  is  le s s  e a s ily  to le ra te d  when the an im al b re a th e s  a h e liu m - 
oxygen m ix tu re  r a th e r  than o rd in a ry  a ir ,  and b e tte r  to le ra te d  when the
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an im a ls  b re a th e  oxygen. However, it should be noted tha t a f te r  in tr a ­
venous a d m in is tra tio n  of g ases  the ro le  of th ese  diffusion re la tio n sh ip s  
a re  c le a r  only up to a c e r ta in  tim e  during  the in jection , i. e ., befo re  the 
a i r  em bolic phenom ena reach  a co n sid e rab le  deg ree  of se v e rity  and assu m e  
th re a te n in g  p ro p o rtio n s . In the sam e p erio d , r e g a rd le s s  of the n a tu re  of 
the gas in jec ted  into the vein, inhala tion  of oxygen is  alw ays usefu l.

F I G U R E  4.  C h a n g e  i n  r e s p i r a t i o n  a n d  b l o o d  p r e s s u r e  i n  a n  a n e s t h e t i z e d  

c a t  a f t e r  i n t r a v e n o u s  a d m i n i s t r a t i o n  o f  3 2  m l  o f  c a r b o n  d i o x i d e  i n  J 2  s e c

T h e  k e y  is t h e  s a m e  as  fo r  F i g u r e  1.

The ex p e rim en ts  showed, how ever, tha t the d iffe ren t e ffec ts  of these  
v a rio u s  g ase s  cannot be explained sim ply  by diffusion re la tio n sh ip s  
c re a te d  in the lungs; they  depend a lso  on the p ro p e r tie s  (diffusion pow er) 
of the g a se s  th e m se lv e s . Thus, a i r  ad m in is tra tio n  while b rea th in g  a i r  
is  le s s  w ell to le ra te d  than a h e liu m -o x y g en  (21% oxygen) m ix tu re  while 
b rea th in g  the sam e  m ix tu re , and m uch m o re  poorly  than the a d m in is tra tio n  
of oxygen while b rea th in g  oxygen.

In o b se rv a tio n s  of vagotom ized an im a ls  during  in trav en o u s gas a d m in is ­
tra tio n  we gained the im p re ss io n  th a t cu tting  the vagus n e rv e s  in c re a s e s  
body re s is ta n c e  to a i r  em bo lism . H ow ever, the v e ry  g rea t individual 
d iffe ren ces  in the a n im a ls ' r e s is ta n c e  to th is  effect in te r fe re d  with draw ing 
any c a te g o ric a l conclusions in th e se  ex p erim en ts .

Long- te rm  ex p e rim en ts  p e rfo rm e d  on ra b b its  com ple te ly  con firm ed  the 
d iffe ren ces  noted above and the in te rre la tio n sh ip s  of physio log ica l e ffects 
of in trav en o u s a d m in is tra tio n  of the four g a se s  in vestiga ted .

D iscussion  of R esu lts

The g re a t s im ila r i ty  betw een r e s p ir a to ry  and c irc u la to ry  changes found 
a f te r  in trav en o u s ad m in is tra tio n  of gases  and those a sso c ia te d  with o v e rt 
d eco m p ress io n  d is o rd e rs  co n firm s the lead ing  ro le  of a i r  em bolism  in
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the venous system  and pu lm onary  c a p illa r ie s  in the o rig in  of these  
d iso rd e rs . Hence it follows that a r t if ic ia l  a i r  em bolism  is a good model 
of g enera l d eco m p ressio n  d iso rd e rs  and m ay be used advantageously  fo r 
the study of the m ech an ism s of th e ir  o c c u rre n ce  and developm ent.

It a lso  follow s that e sse n tia l d iffe ren ces in the physio log ica l e ffec ts  
of the d ifferen t g ases  when given in travenously , which have been found 
in a num ber of ex p erim en ts , m ust, of n ecess ity , be co n sid e red  in the 
an a ly sis  of ca isso n  d ise a se  phenom ena encoun tered  in diving p ra c tic e .

D ifferences in the e ffec ts  of v a rio u s g ases  a re  evidently  a sso c ia ted  with 
two c irc u m s ta n c es . The f i r s t  involves chem ically  active g ases  — oxygen 
and carbon  dioxide — which, when they a re  in jected  into the blood s tre a m , 
can be m o re  o r  le s s  bound by su b stan ces  p re se n t th e re  (oxygen, by 
hem oglobin; carbon  dioxide, by a lk a lis) .

The second c ircu m stan ce  ap p lies  to a ll the in vestiga ted  gases  and 
am ounts to th e ir  d iffe ren t diffusion c a p a c itie s . As is  well known, carbon 
dioxide has a m uch g re a te r  pow er of diffusion than oxygen; helium , m uch 
g re a te r  than n itrogen . F o r the la s t two gases , which a re  chem ically  
ind ifferen t, the d iffe rence  in the diffusion capac ity  is  evidently  dec isive  
and the so le  rea so n  fo r  the d iffe ren ces in d eg rees  of th e ir  physio logical 
effect. The co u rse  and outcom e of a r tif ic ia l  a i r  em bolism  will depend 
chiefly  on how quickly the gas bubbles en te rin g  and o b stru c tin g  the 
pu lm onary  c a p illa r ie s  a re  e lim inated . T h e ir e lim ination  is d e te rm in ed  by 
the ra te  of gas d iffusion from  th ese  bubbles into the a lv eo la r space . Helium 
has a m ild e r  physio logical effect than n itrogen  because , due to its  g re a te r  
pow er of diffusion, he lium - a ir  em boli a re  m o re  rap id ly  e lim in a ted  by the 
body.

This fac t m ay explain  the apparen t d isc rep an cy  betw een A. P . B re s tk in 's  
data (1958) concern ing  the p e rm is s ib le  su p e rsa tu ra tio n  coeffic ien t of 
so lu tions with helium  and n itrogen , and the re s u lts  of s tu d ie s  of the 
p e rm iss ib le  su p e rsa tu ra tio n  coeffic ien t of the hum an body with th e se  gases  
which he m ade in coopera tion  with I. A. A leksandrov  (1963). A. P . B re s tk in 's  
ex p erim en ts  with in v itro  so lu tions showed that helium  fo rm s  bubbles in 
so lu tion  with a l e s s e r  deg ree  of su p e rsa tu ra tio n  than n itrogen; in the 
in v estiga tions of A. P . B restk in  and I. A. A leksandrov  it was de te rm in ed  
that the developm ent of ca isso n  d isea se  sym ptom s in p e rso n s  who have 
been under in c re a se d  p re s s u re  o c c u rs  a t a g re a te r  su p e rsa tu ra tio n  when 
they b rea the  h e liu m -o x y g en  than when they b rea the  a ir .  P robab ly , when 
the body is  su p e rsa tu ra te d  with helium , gas bubbles form  m o re  ea s ily  
than in the case  of n itrogen  su p e rsa tu ra tio n , but because of the g re a te r  
s tab ility  of the n itrogen  bubbles, d eco m p ressio n  sym ptom s during  the 
b rea th in g  of a i r  develop with a le s s e r  deg ree  of su p e rsa tu ra tio n .

In the light of the above, the sign ificance  of the d iffusion re la tio n sh ip s  
betw een a ir  em boli and the a lv eo la r a i r  stud ied  in our ex p e rim en ts  becom es 
quite u n derstandab le , A ir em boli m ade up of a d iffe ren t gas than tha t which 
f ills  the a lv eo la r space w ill be e lim inated  by diffusion m o re  rap id ly  than 
a i r  em boli of a com position  s im ila r  to the a lv eo la r  a ir ,  under conditions 
which a re  o therw ise  the sam e.

The r e s u lts  obtained in the ex p erim en ts  lead  us once again to d ire c t 
a tten tion  to the use of oxygen fo r  d eco m p ressio n  a i r  em bolism , on which 
P . B er in s is te d  (1878).

The fac t tha t with f a r -  advanced a i r  em bolism , oxygen is  m o re  beneficial 
even though its  in travenous ad m in is tra tio n  c au ses  functional d iso rd e rs .

62



and d isadvan tageous diffusion re la tio n sh ip s  a re  ap p aren tly  c re a te d  in the 
lungs, is  explained ev idently  by the developm ent of pronounced hypoxem ia 
due to blockage of a la rg e  num ber of pu lm onary  c a p illa r ie s  with gas 
bubbles. The n a tu re  of the gas blocking the c a p illa ry  is  ev iden tly  not of 
g re a t im p o rtan ce  fo r  the developm ent of hypoxem ia, and the la t te r ,  with 
a c e r ta in  deg ree  of a i r  em bolism  in the pu lm onary  v e sse ls , alw ays 
becom es a g en era l and m ost sign ifican t phenom enon in the pa th o g en esis  
of d eco m p ressio n  d iso rd e rs .

C onclusions

1. C hanges in re s p ira tio n  and c irc u la tio n  o c c u rr in g  in an im als  a fte r  
in trav en o u s in jec tion  of d iffe ren t g a se s  a re  v e ry  s im ila r  to changes in th ese  
functions in the p re se n c e  of pronounced co m p ress io n  d is o rd e rs . T h is is  
evidence of the lead ing  ro le  of a i r  em bolism  of the venous sy s tem  and 
pu lm onary  v e s se ls  in the developm ent of gen era l d eco m p ress io n  d iso rd e rs .

2. D ifferen t g a se s  v a ry  g re a tly  in the s tren g th  of th e ir  p h ysio log ica l 
e ffec ts  a f te r  in trav en o u s in jection . The body su ffe rs  m ost s e v e re ly  from  
the in trav en o u s in jec tion  of n itrogen; it to le ra te s  in trav en o u s in jec tion  of 
helium  ap p rec iab ly  b e tte r; of oxygen, even b e tte r; and of ca rb o n  dioxide, 
particularly ea sily . This is  explained by the different diffusion capacities  
of th e se  g ase s , and, in the case  of oxygen and carbon  dioxide, a lso  by the 
p o ss ib ility  of th e ir  ch em ica l com bination  in the body.

3. The re s u l ts  of a r tif ic ia l  a i r  em bolism  depend to a g re a t deg ree  on 
the d iffusion re la tio n sh ip s  c re a te d  in the lungs betw een the a i r  and the gas 
m ix tu re  fillin g  the a lveo li. Hence, it  follow s th a t in the e lim in a tio n  of a i r  
em boli the lead ing  p a r t  is  p layed  by diffusion of th e ir  co n stitu en t g a se s  
from  the pu lm onary  v e s s e ls  into the a lveo li.

4. The fa c ts  l is te d  above should be taken into co n sid e ra tio n  in the 
an a ly s is  and tre a tm e n t of d eco m p ressio n  d is o rd e rs .

5. A rtif ic ia l a i r  em bolism  can co n stitu te  an ex p erim en ta l m odel fo r  
g en era l d eco m p ress io n  d is o rd e rs .
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P. M. G ram en itsk ii and K. S. Yurova

TRAINING OF THE ORGANISM FOR ARTIFICIAL AIR EMBOLISM 

(T ren irovka  o rg an izm a k iskusstvenno i aeroem bo lii)

In the ex p erim en ts  of V. A. A ver'yanov, P . M. G ram en itsk ii and 
A. A. Savich (1961) it was de te rm ined  that in dogs rep ea ted ly  exposed to 
the effec ts  of deco m p ressio n  a f te r  em erg ing  from  in c rea sed  p re s s u re , an 
in c re a se d  re s is ta n c e  to d eco m p ressio n  d is o rd e rs  o ccu rred . In th is  
connection, the p roblem  n a tu ra lly  a ro se  of the b as is  and physio logical 
m ech an ism s of th is  phenom enon.

All ex is tin g  data on the sub jec t p e rm its  us to suppose that th is in c rea sed  
re s is ta n c e  is  based, to a co n sid e rab le  d eg ree , on the p e rfec tio n  of the 
body 's re a c tio n s  to d eco m p ressio n  em bolism . Gas fo rm atio n  in the blood 
in o v e rt d eco m p ressio n  d is o rd e rs  has been noted by the m a jo rity  of 
in v es tig a to rs  w orking on th is  p roblem  (B er, 1878; H e lle r, M ager, and 
S ch ro tte r, 1900; Boycott, Dam ant and Haldane, 1908; H ill, 1912;
H arvey, B urnes, et al, 1944; Yakobson, 1950; B links, Tw itti, and 
W hitaker, 1951; and o th e rs ) . F rom  the w orks of A. P . B restk in  (1958),
1.1. Vavilov and P . M. G ram en itsk ii (1958) and from  the re c e n t s tu d ies  of 
P . M. G ram en itsk ii, A. A. Savich, and K. S. Yurova (1964), it follow s that 
a i r  em bolism  is  a c e n tra l fa c to r  in deco m p ressio n  d is o rd e rs  and alw ays 
p reced es  and accom pan ies the developm ent of typ ica l c a isso n  d isea se  
sym ptom s in the lim bs. At a c e r ta in  in tensity , the a i r  em bolism , which 
develops e s se n tia lly  in the venous blood and pu lm onary  v e sse ls , undoubtedly 
cau ses  a num ber of r e s p ira to ry  and c irc u la to ry  re flex  re a c tio n s , am ong 
which a re  those con tribu ting  to the elim ination  of gas bubbles a lread y  
fo rm ed  in the blood, and p reven ting  the fo rm ation  of new ones. T here  is 
a lso  no doubt tha t the condition of re sp ira tio n  and c ircu la tio n  d ire c tly  
affec ts  d esa tu ra tio n  of the t is s u e s  with re sp e c t to the ind ifferen t gas, gas 
fo rm ation  in the t is s u e s , and re so rp tio n  of a lread y  fo rm ed  e x tra v a sc u la r  
gas bubbles. All the above su p p o rts  the idea that gen era l in c re a se  in 
re s is ta n c e  to deco m p ressio n  d is o rd e rs  is  based  on p e rfec tio n  of -com pensa­
to ry  re a c tio n s  of the body to a ir  em bolism . The p re se n t work was u n d er­
taken  to check th is  idea, m ain ly  by d e te rm in in g  the p o ss ib ility  of in c rea s in g  
body re s is ta n c e  to a i r  em bolism , by m eans of re g u la r ly  rep ea ted  in tr a ­
venous in jec tions of a i r  into an im als , in doses which do not cause  se rio u s  
functional d iso rd e rs .
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Me th od

The  e x p e r i m e n t s  w e r e  p e r f o r m e d  on  32 r a b b i t s ,  h a l f  of  wh i ch  s e r v e d  
f o r  t he  c o n t r o l  e x p e r i m e n t s .

In a l l  c a s e s  a i r  w a s  i n j e c t e d  in to  t he  a u r i c u l a r  v e i n s  of  t h e  r a b b i t s  f r o m  
a w e l l -  g r o u n d  s y r i n g e  t h r o u g h  a f i ne  n e e d l e  a t  a r a t e  of  1 m l  in 15 s e c .
At t he  e n d  of  t he  i n j e c t i o n  t he  a n i m a l s  w e r e  p l a ce d  on  t h e  t a b l e  w i th ou t  
f i x a t i o n  and  o b s e r v e d  c o n t i n u o u s l y  f o r  2 h r s .

R e s u l t s  of t h e  E x p e r i m e n t s

We f i r s t  d e t e r m i n e d  wh ich  d o s e s  of a i r  c a u s e d  t he  i n i t i a l ,  v e r y  
t r a n s i t o r y  f u n c t i o n a l  c h a n g e s ,  wh ich  p r o d u c e d  o v e r t  d i s o r d e r s ,  and  f i na l l y ,  
wh ich  l ed  to i r r e v e r s i b l e  d i s o r d e r s  and  d ea t h .  Th e  f i r s t  r e a c t i o n s ,  in t he  
f o r m  of  s l i g h t  d y s p n e a  and  s o m e  g e n e r a l  i nh ib i t i on  of  t he  a n i m a l ,  w e r e  
found  a f t e r  a n  i n j e c t i o n  of 0.5 — 0.6 m l  of a i r .  D o s e s  of  1.0 m! c a u s e d  
p r o n o u n c e d  d y s p n e a ,  g e n e r a l  d e p r e s s i o n ,  a n d  s o m e t i m e s  m i l d ,  v e r y  
t r a n s i t o r y  p a r e s i s  of t h e  h ind  l e g s .  A f t e r  the  i n j ec t i o n  of 1.3 m l  of a i r ,  
d y s p n e a  and  g e n e r a l  d e p r e s s i o n  w e r e  m o r e  p r o n o u n c e d  and  s i g n s  of 
o p i s t h o t o n o s  an d  p a r e s i s  of  bo th  h ind  l e g s  o c c u r r e d .  Al l  t h e s e  p h e n o m e n a  
u s u a l l y  d i s a p p e a r e d  w i tho u t  t r a c e  in t i m e ;  on ly  in s o m e  c a s e s  d id  t he  
r a b b i t s  d i e .  D o s e s  of 1.5 m l  of a i r  w e r e  l e t ha l  to t h e  m a j o r i t y  of  a n i m a l s ;  
in t h e  a g o n a l  p e r i o d  g e n e r a l i z e d  c o n v u l s i o n s  a p p e a r e d .  F in a l l y ,  an  i n j e c t i o n  
of a i r  in  q u a n t i t i e s  of 2 . 0  m l  o r  m o r e  i s  un do u b t e d ly  l e t h a l  to t he  r a b b i t s .
It s h o u l d  be e m p h a s i z e d  t h a t  ev e n  a f t e r  t he  a d m i n i s t r a t i o n  of  d o s e s  of  a i r  
known to  be l e t h a l ,  in a l m o s t  a l l  a n i m a l s  p a r a l y s i s  of  t he  h ind  l e g s  
d e v e l o p s  t o g e t h e r  w i th  g e n e r a l  d e p r e s s i o n  and  m a r k e d  d y sp n ea ;  t he  
f o r e l e g s  a r e  a l w a y s  p a r a l y z e d  l a s t ,  if a t  a l l .  F i g u r e s  1, 2, a nd  3 show the 
c o n d i t i o n s  of  t he  r a b b i t s  a f t e r  t he  i n j e c t i o n  of d i f f e r e n t  q u a n t i t i e s  of a i r .
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FIGURE 2 Rabbit No. 7. eight minutes after int ravenous injection of 
I > ml of air

FIGURE .'< R a b b i t  No 2, t wo  m i n u t e s  a l t e r  i n t r a v e n o u s  i nj ec t ion ot
n-1 ol an

In T a b l e  1 the  r e s u l t s  of the  c o n t r o l  e x p e r i m e n t s  arc'  p r e s e n t e d .
A f t e r  d e t e r m i n i n g  t h e  l e t ha l  d o s e s  of  a i r  in the'  c o n t r o l  e x p e r i m e n t s  

we b e g a n  t he  m a i n  e x p e r i m e n t s .  Th e  p r o c e d u r e '  f o r  t h e m  w a s  a s  f o l l o w s :  
I n i t i a l l y ,  f o r  t he  p u r p o s e  of e v a l u a t i n g  t he  b a s i c  r e a c t i o n s ,  e'ach r a b b i t  
was  give'n 1 . 2 — 1.3 ml  of a i r .  After- t h i s ,  f o r  a n u m b e r  of d a y s  the  r a b b i t  
was  g iven  t h r e s h o l d  d o s e s  (O.G ml )  a n d  the-n i n c r e a s e d  d o s e s ,  1,2, and  3 t i m e s  
e'ach day (with repea t e -d  i n j e c t i o n s  a t  2 hour- i n t e r v a l s ) .  F i n a l l y ,  t h e  
a c t i o n  of d o s e s  known to be- l e t ha l  wars c h e e k e d .  T h e  r e s u l t s  of  the- e x p e n d - 
mc' i i t s ,  g i v en  in Table- 2 , show a d e f i n i t e  i nc r e a se -  m the  r e s i s t a n c e  of  tile- 
r a b b i t s  to the- h a r m f u l  e f f ec t  of air- e m b o l i s m  a s  a r e s u l t  of  r e -pea ted  
r e g u l a r  i n j e c t i o n s  of a i r ,  be-gnining wi th  c o m p a r a t i v e l y  s m a l l  d o s e s .  l i ven  
d u r i n g  t he  e x p e r i m e n t s ,  a f t e r  a n u m b e r  of i n j e c t i o n s  of  a i r  in t h r e s h o l d  
d o s e s  (0.6 ml ) ,  the  r a b b i t s  aceiuire- the- c a p a c i t y  of  t o l e r a t i n g  d o s e s  of 6
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1.0, 1.5 and even 2 m l equally  w ell (Table 2, ra b b its  Nos. 3, 4, 6, 7 and 
8). C onsequently , the an im a ls  can to le ra te  q u an tities of a i r  known to be 
le th a l. Thus, in six  c a s e s  the ra b b its  w ithstood an in jec tion  of o v e r 4 m l; 
two of them  (Nos. 6 and 7), 6.5 and 8 m l, i .e ., doses m o re  than  4 tim e s  
g re a te r  than the m ed ian  le th a l d o ses . T his data in d ica tes  the p o ss ib ility  
of a unique tra in in g  of the body to such  an unusual e ffec t a s  the in trav en o u s 
in jec tio n  of g a se s .

T A B L E  1

R e s u l t s  o f  i n t r a v e n o u s  i n j e c t i o n  o f  d i f f e r e n t  d o s e s  o f  a i r  i n t o  r a b b i t s  i n  c o n t r o l  e x p e r i m e n t s

N o .  o f  

e x p e r i ­

m e n t

Q u a n t i t y  o f  

a i r  i n j e c t e d  

( i n  m l )

R e a c t i o n  o f  t h e  b o d y  t o  t h e  i n j e c t i o n  o f  a i r  a n d  o u t c o m e  o f  t h e  e x p e r i m e n t

1 9 G e n e r a l i z e d  t o n i c  c o n v u l s i o n s .  D e a t h  i n  t h e  3 r d  m i n u t e

2 3 P a r a l y s i s  o f  t h e  h i n d  l e g s  a n d  t h e n  o f  t h e  f o r e l e g s .  D e a t h  i n  t h e  3 r d  m i n u t e

3 3 T h e  s a m e  r e a c t i o n .  D e a t h  i n  t h e  5 t h  m i n u t e

4 3 V e r y  m a r k e d  g e n e r a l  d e p r e s s i o n  a n d  t h e n  p a r a l y s i s  o f  t h e  h i n d  l e g s  a n d  

o p i s t h o t o n u s .  D e a t h  i n  t h e  1 6 t h  m i n u t e

5 2 O p i s t h o t o n u s  a n d  g e n e r a l i z e d  c o n v u l s i o n s .  D e a t h  i n  t h e  3 r d  m i n u t e

6 1 . 5 T h e  s a m e  r e a c t i o n .  D e a t h  i n  t h e  5 t h  m i n u t e

7 1 . 5 S t e a d i l y  p r o g r e s s i v e  d y s p n e a  a n d  p a r a l y s i s  o f  t h e  h i n d  l e g s .  D e a T h  i n  t h e  1 7 t h  

m i n u t e

8 1 . 5 T h e  s a m e  r e a c t i o n s .  D e a t h  i n  t h e  1 2 t h  m i n u t e

9 1 . 8 P a r a l y s i s  o f  t h e  h i n d  l e g s ,  c h r o n i c  c o n v u l s i o n s  o f  t h e  a n t e r i o r  p a r t  o f  t h e  b o d y .  

D e a t h  i n  t h e  4 t h  m i n u t e

1 0 1 . 3 M a r k e d  d y s p n e a ,  o p i s t h o t o n o s ,  p a r a l y s i s  o f  t h e  h i n d  l e g s .  D e a t h  i n  t h e  6 t h  

m i n u t e

11 1 . 3 D y s p n e a ,  p a r e s i s  o f  t h e  h i n d  l e g s .  S u r v i v e d

1 2 1 . 3 D y s p n e a ,  g e n e r a l  d e p r e s s i o n .  O p i s t h o t o n o s .  A l l  s u r v i v e d

1 3 1 . 0 P r o n o u n c e d  d y s p n e a ,  g e n e r a l  i n h i b i t i o n .  S u r v i v e d

1 4 0 . 6 D y s p n e a ,  v e r y  s l i g h t  i n h i b i t i o n .  S u r v i v e d

15 0 . 5 T h e  s a m e

1 6 0 . 3 N o  a p p a r e n t  c h a n g e

O ur f e a r s  of cum ulative  effec ts , p a r t ic u la r ly  when an im als  w ere  given 
th re e  p o rtio n s  of a i r  daily  o v er a n um ber of days (rab b its  N os. 10 and 11), 
w ere  co m p le te ly  d isp e lled  by the e x p e rim en ts , which show ed th a t a f te r  3 
in jec tio n s  of a i r  da ily  the e ffec t of in c re a se d  re s is ta n c e  w as g re a te s t .

S pecia lly  p e rfo rm e d  ex p e rim en ts  (18 ex p e rim en ts  on five ra b b its )  to 
d e te rm in e  how quickly the body e lim in a ted  a i r  em boli in troduced  into the 
blood a re  of in te re s t  in  th is  connection . At v a rio u s  p e r io d s  (5 m in  to  2 h rs )  
a f te r  the in trav en o u s in jec tion  of re a d ily  to le ra te d  d o ses  of a i r  into ra b b its  
(u sually  0.8 m l), we r a is e d  them  to 4.5 km in a p r e s s u re  ch am b er and 
kept them  th e re  fo r  5 m in. At th is  a ltitu d e  the in tac t ra b b its  show ed no
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e sse n tia l functional changes except fo r  a sligh t gen era l inhibition  and m ild  
dyspnea. In ra b b its  which had been given a ir  th e re  w ere s e v e re  functional 
d iso rd e rs  a fte r  the a scen t to a ltitude  in the form  of m ark ed  dyspnea, 
opistho tonos, lo ss  of equ ilib rium , p a re s is  of the lim bs and even convulsions. 
These phenom ena, undoubtedly a sso c ia ted  with expansion of a i r  em boli 
in troduced  into the blood v e s se ls  during  the ascen t, w ere m o re  pronounced 
the s h o r te r  the in te rv a l betw een in jection  and ascen t, and w ere absen t 
when the in te rv a l was in c re a se d  to 1 h r  and 30 m in — 1 h r  and 45 min.

TABLE 2

R e s u l t s  o f  i n t r a v e n o u s  i n j e c t i o n  o f  a i r  i n t o  r a b b i t s  a f t e r  t r a i n i n g  f o r  a r t i f i c i a l  a i r  e m b o l i s m

N o .  o f  

a n i m a l

S u b l i m i n a l  d o s e  o f  a i i  ( i n  m l )  

a n d  d u r a t i o n  o f  u t i l i z a t i o n

D o s e s  o f  a i r  

a d m i n i s t e r e d  

a f t e r  t r a i n i n g  

( i n  m l )

R e a c t i o n s  t o  a i r  a d m i n i s t r a t i o n  

a n d  o u t c o m e  o f  t h e  e x p e r i m e n t

1 0 . 6  m l  d a i l y  f o r  6  d a y s 2  5 T e m p o r a r y  g e n e r a l  d e p r e s s i o n ,  t r a n s i t o r y  

p a r e s i s  o f  t h e  h i n d  l e g s .  S u r v i v e d

2 T h e  s a m e 2 . 3 .  a n d  t h e n  

4 . 0

D y s p n e a ,  t c m p o r a r )  d e p r e s s i o n .  S u r v i v e d

3 0 . 6  m l  d a i l y  f o r  6  d a y s .  1 . 0  m l  

d a i l y  fo r  4  d a y s ,  1 . 5  m l  d a i l y  

f o r  5  d a y s

2 . 0 T h e  s a m e

4 0 . 6  m l  d a i l y  f o r  6  d a y s  ! . 0  m l  

d a i l y  f o r  4  d a y s ;  2 . 0  m l  d a i l y  fo r  

5  d a y s

4 . 0 V e r y  t r a n s i t o r y  p a r e s i s  o f  t h e  h i n d  l e g s .  

S u r v i v e d

5 1 . 0  m l  d a i l y  f o r  5  d a y s 2 . 0 M a r k e d  d y s p n e a .  S u r v i v e d

6 0 . 6  m l  d a i l y  f o r  6  d a y s ;  1 . 0  m l 2 . 0 .  a n d  t h e n A f t e r  a d m i n i s t r a t i o n  o f  2 . 0  m l ,  n o  p e r -

d a i l y  f o r  6  d a y s ;  1 . 5  m l  d a i l y  f o r  

3  d a y s

8 . 0 s i s t e n t  s e c u e l a e ;  a f t e r  i n j e c t i o n  o f  8 . 0  m l .  

f l a c c i d  p a r a l y s i s  o f  t h e  h i n d  l e g s .  S u r v i v e d

7 0 . 6  m l  t w i c e  d a i l y  f o r  6 d a y s ;  

0 . 8  m !  t w i c e  d a i l y  f o r  6  d a y s ;

6 . 5 A f t e r  f i r s t  t e s t ,  t r a n s i t o r y  p a r e s i s  o f  t h e  

h i n d  l e g s

1 . 5  m l  t w i c e  d a i l y  f o r  8  d a y s 8 . 0 A f t e r  s e c o n d  t e s t  g e n e r a l  p a r a l y s i s  o f  t h e  

w h o l e  b o d y .  D e a t h

? 0 . 6  m l  d a i l y  f o r  5  d a y s ;  0 . 8  m l  

d a i l y  f o r  6  d a y s ;  1 . 3  m l  d a i l y  fo r  

-5 d a y s

3 . 0 M a r k e d  d y s p n e a  a n d  g e n e r a l  i n h i b i t i o n .  

S u r v i v e d

9 0 . 6  m l  t h r e e  t i m e s  d a i l y  fo r  

5  d a y s

4 . 0 G e n e r a l  p a r a l y s i s  o f  t h e  b o d y .  D e a t h

10 0 . 6  m l  t h r e e  t i m e s  d a i l y  fo r  

5  d a y s .  0 . 8  m l  t h r e e  t i m e s  d a i l y  

f o r  4  d a y s

3 . 5 T r a n s i t o r y  p a r e s i s  o f  h i n d  l e g s  S u r v i v e d

11 0 . 8  m l  t w i c e  d a i l y  f o r  6  d a y s ;  

0 . 6  m l  t h r e e  t i m e s  d a i l y  for  

5  d a y s

4 . 5 T e m p o r a r y  p a r a l y s i s  o f  t h e  h i n d  l e g s  a n d  

d y s p n e a .  S u r v i v e d
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R abbits ra is e d  to a ltitu d e  a t such p e rio d s  a f te r  the in jec tion  of 0.8 m l of 
a i r  w ere  no d iffe ren t from  in tac t ra b b its . Hence, it m ay be concluded 
th a t during  th is  p e rio d  the body m anages to cope with the dose a d m in is te red , 
and a t the tim e  of the a scen t the a ir  em boli a re  com pletely , o r  m ostly , 
e lim in a ted . It is  v e ry  in te re s tin g  tha t the sam e ra b b its , a f te r  m any days ' 
tra in in g  with a i r  in jection , show ed no functional d is o rd e rs  in the a sc e n t to 
a ltitude  even a f te r  co n sid e rab ly  s h o r te r  in te rv a ls  (45 m in  — 1 h r) betw een 
in jec tion  and a scen t. T h e re fo re , a s  a  r e s u lt  of such tra in in g  the body 
a c q u ire s  the cap ac ity  of m o re  rap id ly  e lim in a tin g  a i r  em boli in jec ted  into 
the blood.

C onclusion

Of a ll the phenom ena p roduced  by in trav en o u s in jec tion  of a ir ,  the m ost 
s tr ik in g  is the p redom inan t involvem ent of the hind leg s  and p o s te r io r  half 
of the ra b b its ' bodies. P a r e s i s  and p a ra ly s is  of the hind leg s  and the 
e n tire  p o s te r io r  half of the body a re  the m ost ty p ica l s ig n s of s e v e re  
a r t if ic ia l  a i r  em bo lism . It should be kept in m ind tha t th e se  sym ptom s 
a re  a lso  found, as a ru le , in s e v e re  d eco m p ress io n  d is o rd e rs . P a r e s i s  
and p a ra ly s is  of the low er half of the hum an body in ca isso n  d ise a se  (the 
p o s te r io r  half in an im als) a re  u sua lly  thought to be the r e s u l t  e ith e r  of gas 
fo rm atio n  in the ac tu a l sp inal co rd  tis su e  o r  o b s tru c tio n  of the blood 
v e s s e ls  of co rresp o n d in g  sp ina l seg m en ts  by gas bubbles.

In o u r c a s e s  the f i r s t  explanation  is  abso lu te ly  inapplicab le; the second 
re q u ire s  the  a ssu m p tio n  tha t the em boli p a ss  through the pu lm onary  
c a p il la r ie s  and o b s tru c t the sp ina l co rd  blood v e s se ls  on the a r te r ia l  side . 
H ow ever, th is  is  a lso  doubtful, because  when a i r  is  in jec ted  into the v e in s  
it u su a lly  is  not noted in the a r t e r i e s  (G ram en itsk ii and Savich, 1964). It 
re m a in s  fo r us to a ssu m e  that the sp inal co rd  functions su ffe r a s  a r e s u lt  
of c irc u la to ry  d is o rd e rs  and hypoxem ia which develop a t the sam e  tim e .
T his explanation  holds b e tte r  fo r  d eco m p ress io n  p a ra p a re s is  and p a rap leg ia , 
s ince  these  phenom ena a re  v e ry  constan tly  found with s e v e re  d e g re e s  of 
g en era l anoxia, p a r t ic u la r ly  in h igh- a ltitu d e  hypoxem ia.

As fo r  the in te rp re ta tio n  of the m ain  fac t found in long- te rm  ex p e rim en ts  
(in c re a se  in re s is ta n c e  to in trav en o u s in jec tion  of a ir) , thus f a r  we can only 
suppose the physio log ica l m echan ism  underly ing  it. Undoubtedly, the m ain  
fa c to r  p ro duc ing  v a rio u s  re a c tio n s  to a r t if ic ia l  a i r  em bolism  is  o b s tru c tio n  
of the  pu lm o n ary  c a p illa r ie s  with gas bubbles. Evidently , re f le x e s  can 
o ccu r, f i r s t  of a ll, from  d ire c t i r r i ta t io n  of the c a p illa ry  w alls by the gas 
bubbles; secondly, from  hem odynam ic changes a sso c ia te d  with o b stru c tio n  
of the pu lm onary  c a p illa r ie s  (in c re a se  of the p r e s s u re  in the pu lm onary  
c a p il la r ie s  and in the g re a t veins of the g re a te r  c ircu la tio n , and reduction  
of p r e s s u r e  in the pu lm onary  veins in the a o rtic  system ); and finally , 
from  changes in the gas content of the a r te r ia l  blood: a s  a r e s u lt  of 
o b s tru c tio n  of num erous pu lm onary  c a p illa r ie s , it  m u st be supposed  that 
the gas exchange in the lungs is  incom plete , i. e. hypoxem ia and, p e rh ap s , 
h ypercapn ia  develop. In a ll th re e  c a se s  the re f le x e s  m ust, evidently , be 
co m p en sa to ry  in n a tu re ; evidently , the tra in in g  fo r  a i r  em bolism  which we 
noted is  based  on a p e rfec ted , b e tte r  e x p re sse d  o c c u rre n c e  of th e se
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re fle x e s . F u r th e r  s tu d ies  should decide w hether o r  not tra in in g  fo r 
a r tif ic ia l  a i r  em bolism  will be usefu l in the body 's  fight ag a in st ca isso n  
d ise a se  during  d eco m p ress io n  from  descen t to depth and, converse ly , 
w hether the an im als  w ill show in c re a se d  re s is ta n c e  to in travenous 
in jec tions of gases  a f te r  m any rep ea ted  d eco m p ress io n s . The o cc u rre n ce  
of such a c ro s se d  effect would prove the th eo ry  tha t p e rfec tio n  of 
p ro tec tiv e  re a c tio n s  ag a in st a i r  em bolism  u n d e rlie s  the in c re a se  in body 
re s is ta n c e  to d eco m p ressio n  d is o rd e rs .
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P . M. G ram en itsk ii and A. A. Savich

THE ROLE OF THE HYPOXEMIC FACTOR IN DEVELOPM ENT 
OF DECOMPRESSION DISORDERS

(O ro li  g ipoksem icheskogo fak to ra  v r a z v iti i  dekom pressionnykh
ra s s tro is tv )

An inadequate study h as  been m ade of the d is tu rb an ce  of gas t r a n s p o r ta ­
tion  by the blood in the pa th o g en esis  of d eco m p ress io n  d is o rd e r s  a sso c ia te d  
with o b stru c tio n  of p u lm onary  c a p illa r ie s  with in d iffe ren t gas bubbles. 
V arious r e p o r ts  about gas exchange d is o rd e rs  in the developm ent of s ig n s 
of c a is so n  d ise a se  ap p ea r in a num ber of p a p e rs  (Hoppe- S ey le r, 1857;
B e r, 1878; Behnke, 1951).

As th is  p ro b lem  is  undoubtedly of p ra c tic a l a s  w ell a s  th e o re tic a l 
in te re s t ,  we in v estig a ted  the blood g ase s  in an im als  exposed  to the effect 
of in c re a se d  p re s s u re  and subsequen t d eco m p re ss io n , and a lso  to  a r t if ic ia l  
a i r  em bo lism .

Method

The ex p e rim en ts , s h o r t-  and long- te rm , w ere conducted on dogs of both 
sex es , weighing 12 to 30 kg.

In p e rfo rm in g  the long- te rm  ex p e rim en ts  the an im a ls , a f te r  an o rd in a ry  
walk, w ere p laced  in a tw o- co m p artm en t co m p ress io n  ch am b er under 
p r e s s u r e s  of 1.6 and 2.0 atm  fo r  4 h rs , o r  under a p r e s s u re  of 4.5 atm  fo r  
35, 40. 45 and 50 m in, a f te r  w hich d eco m p ressio n  w as p e rfo rm e d  a t a ra te  
of 10 m /m in .

A r te r ia l  blood was taken  from  the fe m o ra l a r te r y  by c a rd ia c  p u n c tu re  
befo re  the dog was p laced  in the ch am b er (contro l) and a t v a rio u s  p e rio d s  
under d eco m p ress io n . This blood was put into a te s t  tube u n d er v ase lin e  
o il. Sam ples of blood taken  from  dogs during  p e r io d s  of p re p a ra tio n  fo r  
the ex p e rim en ts  and adaptation  to  needle  p u n c tu res  se rv e d  a s  c o n tro ls .

The follow ing p ro c e d u re  was u sed  fo r  the s h o r t-  te rm  e x p e rim en ts .
U nder m o rp h in e - hexenal a n e s th e s ia  and a f te r  tracheo tom y , with the blood 
v e s s e ls  p re p a re d  beforehand fo r  reco rd in g  the blood p re s s u re  and taking 
blood, the dogs w ere  p laced  in a co m p ress io n  ch am b er a t p r e s s u r e s  of 
5.0 and 7.0 atm  long enough fo r  o v e rt d eco m p ressio n  d is o rd e rs  to develop 
a s  a r e s u l t  of subsequent ra p id  d eco m p ressio n . A fter d eco m p ress io n  at 
10 m /rn in , the r e s p ir a to ry  m ovem ents, blood p re s s u re  and tak ing  of the 
blood sa m p le s  from  the fe m o ra l a r te ry  w ere re c o rd e d  on a kym ograph. To 
o b se rv e  gas fo rm atio n  in the venous blood, gas tr a p s  w ere u sed  in  a num ber 
of e x p e rim e n ts  (G ram en itsk ii and Savich, 1963). Gas com position  of the 
blood was analyzed  on a van Slyke ap p a ra tu s .
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As we have given a de ta iled  d esc rip tio n  of the graded  in jec tion  of g ases 
in an ap p ro p ria te  p a p e r (G ram en itsk ii, Savich, and Yurova, 1964), we 
sha ll not dwell h e re  on the m ethod of p e rfo rm in g  ex p erim en ts  a sso c ia te d  
with investiga tion  of blood g ases  in a r t if ic ia l  a i r  em bolism . In a ll, we 
p e rfo rm ed  14 lo n g - te rm  and 6 s h o r t - te r m  ex p erim en ts , not counting 
p re p a ra to ry  ex p erim en ts  with investiga tion  of gas content of the blood 
under o rd in a ry  conditions.

R esu lts  of the E x p erim en ts  and D iscu ssio n

In long- te rm  ex p erim en ts , the oxygen and carbon  dioxide content in 
the a r te r ia l  blood of ex p erim en ta l dogs not exposed to  the e ffec ts  of 
in c re a se d  p re s s u re  v a ried  w ithin physio logical l im its . The dog Druzhok 
d iffe red  som ew hat from  the o th e r an im als , in tha t its  blood had a 
co m p ara tiv e ly  low oxygen content and high carbon  dioxide content.

C h a n g e  in  i h e  g a s  c o n t e n t  o f  t h e  a r t e r i a l  b l o o d  i n  d o g s  w i t h  d e v e l o p m e n t  o f  s i g n s  o f  c a i s s o n  d i s e a s e

N a m e  o f  

t h e  a n i m a l

D e p t h  

( i n  m )

E x p o s u r e  

t i m e  

( i n  m i n )

T i m e  a f t e r  

d e c o m p r e s ­

s i o n  ( i n  m i n )

A p p e a r a n c e  o f  

s y m p t o m s  o f  t h e  

" b e n d s "  t y p e

A r t e r i a l  b l o o d  g a s e s  ( i n  v o l u m e s  %)

I n i t i a l  b a c k g r o u n d A f t e r  t h e  e f f e c t

° 2 c o 2 ° 2 C O  2

Sedoi 45 50 10 O v e r t 22.05 39.93 21.56 41.26

Z o r ' k a 45 50 10 T h e  s a m e 24.09 41.20 23.8 5 39.32

l 45 40 17 V e r y  s e v e r e 1 5  00 44.96 7.86 52.43
D r u z h o k  {

I 45 35 19 A b s e n t 16.42 44.96 13.48 46.05

Mishka 45 45 19 O v e r t 21.81 35.40 15.93 43.90

r 45 45 10 V e r y  s e v e r e 22.21 39.81 13.57 45.46
Sedoi S

I 16 240 HO A b s e n t 21.47 37.39 21.71 39.27

Zor'ka 24 240 23 T h e  s a m e * 23 43 37.39 21.47 39.81

M i s h k a 16 240 23 19.74 38.09 15.25 39.27

45 40 1 25 15.71 44.92 13.82 47.08
60 11.82 46.54

Druzhok ' 1 101 20.48 4) .43

20 300 { 35 15.8 44.7 13.86 45.54
\ 60 13.97 39.51

S e d o i 20 240 30 21 9 38,6 20.05 39.2

•  A s u b s e q u e n t  a s c e n t  t o  a l t i t u d e  r e v e a l e d  t h e  p r e s e n c e  o f  a  l a t e n t '  b u b b l e .

A fter decom pression , both in the case  of o v e rt sym ptom s of ca isso n  
s ick n ess  of the "bends" type and in the absence  of v is ib le  functional 
d is o rd e rs  in the lim bs, hypoxem ia was noted in a ll the an im als . The
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deg ree  of developm ent of hypoxem ia was d ire c tly  re la te d  to the s e v e r ity  of 
the e x p e rim e n ta l a n im a l's  condition (see tab le).-

F rom  the data p re se n te d  in the tab le  it  is  evident th a t the developm ent 
of p ronounced  d eco m p ress io n  d is o rd e rs  of the "bends" type is  alw ays 
a s so c ia te d  with a reduc tion  of the oxygen content in the a r te r ia l  blood; 
the m o re  m ark ed  the jo in t sym ptom s, the g re a te r  the deg ree  of hypoxem ia 
which o c c u rs .

A lm ost alw ays, a redu c tio n  of the oxygen content in the blood is  
a s so c ia te d  with an in c re a se  of carbon  dioxide content, which a t tim e s  
re a c h e s  high f ig u re s .

N e ith e r hypoxem ia n o r hypercapn ia , which o c c u rs  in c a se s  of p ronounced 
d eco m p ress io n  d is o rd e rs , ap p ea rs  to us unusual o r  unexpected . U ndoubted­
ly, in  such c a se s  m o re  o r  le s s  ac tiv e  gas fo rm atio n  alw ays o c c u rs  in 
venous blood. N atu ra lly , d is o rd e rs  of gas exchange betw een a lv e o la r  a i r  
and blood m u st be a d ire c t re s u lt  of o b s tru c tio n  of the p u lm o n ary  c a p il­
la r ie s  with bubbles of the in d iffe ren t gas.

The m o st in te re s tin g  fa c ts  ob tained a re  those  ind ica ting  the develop­
m en t of d is tin c t hypoxem ia in tho se  c a s e s  w here th e re  a re  no jo in t 
sym ptom s in the dogs a f te r  they em erg e  from  in c re a se d  p re s s u re ,  and 
the re a c tio n  to d eco m p ress io n  is  m an ifested  only a s  sc ra tc h in g , dyspnea, 
and som e d ep re ss io n . Such s igns m ay be e x trem e ly  sligh t, and so m etim es  
they  do not o c c u r at a ll. T his was shown with p a r t ic u la r  d is tin c tn e ss  in 
ex p e rim en ts  on the dog Druzhok. In th is  dog, the oxygen content of the 
blood fe ll 3 — 4 volum es %, a s  the tab le  show s, without even in itia l signs 
of functional d is o rd e rs  in the lim b s. R epeated  d e te rm in a tio n s  of the gas 
content of the blood in one ex p erim en t showed tha t so m e tim es  in  the 
absence  of d eco m p ress io n  sym ptom s hypoxem ia p ro g re s s e s  fo r  an hour 
a f te r  d eco m p ress io n  (experim en t 10), but eventually , in one way o r 
an o th e r, the quantity  of oxygen in the blood in c re a s e s  and even exceeds 
the o rig in a l f ig u re s .

A ll th is  data in d ica te s  tha t follow ing d eco m p ress io n  from  in c re a se d  
p re s s u re ,  gas fo rm atio n  in the venq^p blood o c c u rs  not only in c a s e s  of 
d is tin c t d is o rd e rs  of the "bends" type. Even in th e ir  com plete  absence , 
a quantity  of gas bubbles evidently  m ay be fo rm ed  in the venous blood 
which, by blocking the pu lm onary  c a p illa r ie s , c au ses  hypoxem ia and 
hyp ercap n ia . The fac t th a t a reduction  of the oxygen content in the 
a r te r ia l  blood is  a s so c ia te d  with s igns of d eco m p ress io n  d is o rd e rs  r a th e r  
than  with som e o th e r fa c to rs  has been con firm ed  by ex p e rim en ts  in which 
a scen t of the an im a ls  to a ltitude  a f te r  the blood h as  been taken  was a s s o ­
c ia ted  with the im m ed ia te  developm ent of ty p ica l d eco m p ressio n  sym ptom s 
of the "bends" type.

Study oi the gas content of the a r te r ia l  blood in sh o r t-  te rm  ex p erim en ts  
during  the developm ent of d eco m p ressio n  d is o rd e rs  a s  well a s  in 
ex p e rim en ts  with a r t if ic ia l  a i r  em bolism  confirm ed  the data  p re se n te d  
above and the conclusion  stem m in g  th e re fro m .

As the ex p erim en ts  showed, pronounced hypoxem ia o c c u rs  both in 
c a isso n  s ick n ess  caused  by d eco m p ressio n  and the in travenous in jection  
of a ir .

A redu c tio n  of the blood oxygen in d eco m p ressio n  and a r t if ic ia l  a i r  
em bolism  is o b se rv ed  even when no ap p rec iab le  d iso rd e rs  a re  seen  in 
r e s p ir a to ry  o r  c a rd io v a sc u la r  ac tiv ity ; it p ro g re s s e s  with the ap p earan ce  
of and in c re a se  in th ese  d iso rd e rs , and in ca se  of c r i t ic a l  d is o rd e rs
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re a c h e s  f ig u re s  so low as to be 
incom patib le  with life . In the 
case  of d eco m p ressio n  a ir  
em bolism , the redu c tio n  of the 
oxygen content in the blood is 
d ire c tly  re la te d  to the in ten sity  
of gas fo rm atio n  in the veins; 
in a r t if ic ia l  a i r  em bolism , to the 
quantity  of a i r  in jec ted  in tra ­
venously.

In those c a se s  w here the a n i­
m al does not die of a i r  em bolism  
and n o rm aliza tio n  of re sp ira tio n  
and c irc u la tio n  o c c u rs  the oxygen 
content of the a r te r ia l  blood 
in c re a se s  co n sid e rab ly .

Data of one of the ex p erim en ts  
with a r t if ic ia l  a i r  em bolism , 
re p re se n te d  on the fig u re , shows 
d is tin c tly  the re la tio n sh ip  betw een 
changes in the gas content of the 
blood and the in ten sity  of a ir  
em bolism , and the in te r re la t io n ­
ship of th ese  changes and r e s p i r a ­
to ry  and c irc u la to ry  re a c tio n s .
This s e rv e s  as a s tr ik in g  i l lu s t r a ­
tion of the re g u la r i t ie s  noted, and 
a lso  co n firm s once again  the g rea t 
capac ity  of the body fo r  e lim inating  
a ir  em boli which e n te r  the pu lm o­
n ary  blood v e s s e ls . It is  only by 

# s u c h  elim ination  tha t the blood 
oxygen content which has fa llen  
sh a rp ly  a f te r  the th ird  a d m in is tra ­
tion of a i r  could subsequently  
begin to in c re a se  stead ily .

The o v e ra ll r e s u lts  lead  us to 
conclude that changes in the gas 
content of the a r te r ia l  blood occu r 
as a constan t phenom enon in 
deco m p ressio n  a ir  em bolism .
They a lso  pose the question  of 
the sign ificance  of th e se  changes 
in the oxygen and carbon  dioxide 
content of the blood (and evidently  
a lso  th e ir  tensions) fo r  the 
o rg an ism  which has been exposed 
to d eco m p ressio n  d is o rd e rs . It 
is  v e ry  like ly  tha t hypoxem ia, 
which in itse lf  does undoubted 
harm  to the body, is  of benefit 
in th ese  c a se s  if it does not reach
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ex cess iv e  d e g re e s , because  it co n trib u te s  to ac tiv a tin g  the r e s p ira tio n  
and c irc u la tio n , th e reb y  co n tribu ting  to e lim ination  of a i r  em boli from  
the lungs.

In conclusion , it is  im p o rtan t to em phasize  once again  tha t reduc tion  
of the oxygen content is  found with the f i r s t  s ig n s of c a isso n  s ic k n e ss  (a 
v e ry  s lig h t g en era l d ep re ss io n , b a re ly  no ticeab le  change in re sp ira tio n )  
and p re c e d e s  the developm ent of ty p ica l d eco m p ress io n  sym ptom s of the 
"bends" type. H ence, we need to in v estig a te  blood oxygenation in d iv e rs  
and ca isso n  w o rk e rs  exposed to d eco m p ress io n  and a f te r  being under 
in c re a se d  p re s s u re .  The p o ss ib ility  h as  not been ru le d  out th a t o x im e try  
would be usefu l fo r  the e a r ly  d iagnosis  of d eco m p ress io n  d is o rd e rs .

C onclusions

1. The developm ent of s e v e re  fo rm s  of d eco m p ress io n  d is o rd e rs  is 
alw ays accom pan ied  by a pronounced hypoxem ia and hyp ercap n ia .

2. R eduction of the oxygen conten t of the a r te r ia l  blood in an im als  
exposed to  su b lim in a l in c re a se d  p r e s s u r e s  o c c u rs , a s  a ru le , in  the 
absence  of ty p ica l d eco m p ress io n  sym ptom s.

3. H ypoxem ia and h y percapn ia  a re  the r e s u lts  of a i r  em bolism  in 
c a p il la r ie s  of the l e s s e r  c ircu la tio n .

4. C hanges in the gas content (oxygen and carbon  dioxide) of the 
a r te r ia l  blood a re  an in sep a rab le  com ponent of the body 's  re a c tio n  to 
d eco m p ressio n .
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» " V^A. A ver'yanov  and K. S. Yurova

EXPERIM ENTAL AIR EMBOLISM UNDER CONDITIONS OF HYPO- 
AND HYPERTHERMIA

(E k sp erim en ta l'n ay a  aero em b o liy a  v usloviyakh gipo- i g ip e rte rm ii)

Two fa c ts  constitu ted  the b as is  of the p re se n t study, d ire c te d  at a 
physio log ica l an a ly s is  of d eco m p ressio n  d is o rd e rs . The f i r s t  is-the 
e s se n tia l ro le  of a i r  em bolism  in the p a th ogenesis  of d eco m p ressio n  d is ­
o rd e r s .  F rom  the investiga tion  of A. P . B res tk in  (1952), I. I. Vavilov, and 
P . M. G ram en itsk ii (1958), P . M. G ram en itsk ii, A. A. Savich and K. S. 
Yurova (1963) it follow s tha t in d eco m p ressio n , gas fo rm atio n  o c c u rs  
m ost read ily  in blood com ing from  tis s u e s  su p e rsa tu ra te d  with an indif­
fe re n t gas, and th a t the a ir  em bolic p ro c e s s  beginning in the venous 
c a p illa r ie s  and ending in o b stru c tio n  of pu lm onary  c a p illa r ie s  is  the m ain  
phenom enon in d eco m p ressio n  d is o rd e rs . The second fac t was the 
ind isputab le  effect of te m p e ra tu re  conditions on the o c c u rre n ce  of decom ­
p re ss io n  d is o rd e rs , which s te m s  both from  p ra c tic a l o b se rv a tio n s  and 
from  the few ex is tin g  ex p erim en ta l in v estiga tions (B restk in , G ram en itsk ii, 
Oblapenko, 1958).

Both of th e se  fa c ts  n a tu ra lly  led  to the question  of how a lte re d  
te m p e ra tu re  conditions would affect the developm ent of a i r  em bolism  and 
the re s is ta n c e  of the body to its  d e le te rio u s  influence. The p re se n t 
investigation  d ea ls  with th is  question.

Method

The ex p erim en ts  w ere p e rfo rm ed  on ra b b its  of both sex es weighing 
1.9 to 4.0 kg. In a ll, 23 lo n g - te rm  and 18 s h o r t - te r m  ex p e rim en ts  w ere 
p e rfo rm ed .

In the long- te rm  ex p erim en ts  2 m l of a i r  w ere in jec ted  into the a u r ic u la r  
ve ins of the rab b its  in 1 m inute; a fte rw a rd s  the an im als  rem ain ed  fre e , 
and th e ir  re a c tio n s  to the given effect and the outcom e of a i r  em bolism  
w ere observ ed . Of 23 ra b b its , eight se rv e d  a s  c o n tro ls  and w ere  not 
exposed to any effec ts  befo re  the a i r  ad m in is tra tio n ; eight w ere exposed 
to p re lim in a ry  cooling and seven  to p re lim in a ry  overheating .

In the sh o r t-  te rm  ex p e rim en ts  the con tro l, o v e rh ea ted  and cooled 
ra b b its  w ere in a fixed position  w ithout anesth esia ; th e ir  blood p re s s u re  
and re sp ira tio n  w ere re c o rd e d  by the usual m eans on a kym ograph. These 
an im als  w ere given in jec tions of 1 m l of a i r  in a perio d  of 30 sec ev ery
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20 m in  until they  died: the c irc u la to ry  and r e s p ir a to ry  re a c tio n s  to the 
s e p a ra te  in jec tio n s of a i r  w ere com pared , and a re c o rd  was m ade of the 
to ta l num ber of in jec tions given.

The an im a ls  w ere  cooled  by pu tting  them  in a N ikolaev- Subbotin tra y  
(a m e ta l co n ta in e r with double w alls shaped  to the r a b b i t 's  body), which 
was filled  with w a te r and chopped ice .

In the long- te rm  ex p e rim e n ts , when the re c ta l  te m p e ra tu re  had 
dropped to 34 .4—34.0°,(which took 1 — 2 h rs ) , the an im a ls  w ere  taken  out 
of the t r a y  and im m ed ia te ly  in jec ted  with a ir .  In the s h o r t-  te rm  e x p e r i­
m en ts  the ra b b its  w ere left in the t r a y  in the fixed  positio n  th roughout 
the ex p e rim en t. When the re c ta l  te m p e ra tu re  dropped  to 34°, cold w ate r 
and ice  in the t r a y  w ere re p la c e d  by w a rm e r w a te r (20 — 25°) so th a t the 
a n im a l1 s te m p e ra tu re  could be m a in ta ined  at the sam e level as f a r  as p o ss ib le .

The ra b b its  w ere  o v erh ea ted  in both the sh o r t-  te rm  and long- te rm  
ex p e rim en ts  by m eans of a sp ec ia l wooden box with a l i t t le  door and an 
o b se rv a tio n  window. Seven e le c tr ic  ligh t bulbs in side  the box m ain ta ined  
the a i r  te m p e ra tu re  a t 42 — 43°. A fter the r e c ta l  te m p e ra tu re  had r is e n  
to 42° the  an im al was taken  out of the box and im m ed ia te ly  in jec ted  with 
a i r  in the lo n g - te rm  ex p e rim en ts , ju s t  a s  in the c a se  of hypo therm ia .
In s h o r t-  te rm  ex p e rim en ts , a f te r  the re c ta l  te m p e ra tu re  had gone up to 
4 1 ,6—42.0°, the an im als  w ere taken  out of the box and put into a N ikolaev- 
Subbotin tra y  f ille d  w ith hot w a te r (43 — 44°). In tho se  c a s e s  w here the 
r e c ta l  te m p e ra tu re  of the an im als  in the t r a y  began to drop they  w ere 
covered  with hot w ate r b o ttle s . The re c ta l  te m p e ra tu re s  w ere  m e a su re d  
with a therm ocoup le  and a m axim um  th e rm o m e te r  un til the o n se t of 
h ea ting  (o r cooling) and then throughout the ex p erim en t.

R esu lts  of Long- T erm  E x p erim en ts

Of the eigh t co n tro l ra b b its , two, h eav ie r  than the r e s t  (3 .5—3.8 kg), 
w ere  ab le  to  to le ra te  the in jec tion  of 2 m l of a ir ; the o th e r  s ix  died. Death 
of the an im a ls  o c c u rre d  in the f i r s t  7 m in a f te r  the in jec tion  of a ir ;  it 
w as p reced ed  by p a ra ly s is  of the hind legs and g en e ra lized  convu lsions 
(F ig u re  1).

Of the eight cooled  ra b b its  which had been in jec ted  with the sam e 
quantity  of a i r  a s  the co n tro l group only two died. In the cooled  ra b b its , 
in c o n tra s t  to  the c o n tro ls , a f te r  the in jection  of a i r  th e re  w as m o re  
p ronounced  dyspnea; the g e n e ra l d ep re ss io n  and m o to r d is o rd e rs  (change 
in m u sc le  tone and in position) w ere  le s s  pronounced  (F ig u re  2).

The p e rio d  of com plete  functional re c o v e ry  in the su rv iv in g  cooled 
ra b b its  la s te d  m o re  than two h o u rs , and was longer than  th a t of the 
su rv iv ing  c o n tro ls . P robab ly , th is  was connected  with the e x tre m e ly  slow 
re c o v e ry  of the r e c ta l  te m p e ra tu re  of the cooled ra b b its  because  of 
m ark ed  dyspnea in c re a s in g  the hea t output. T h e re fo re , the cooled  
ra b b its  w ere  m o re  re s is ta n t  to a i r  em bolism .

The o v erh ea ted  ra b b its  to le ra te d  the in jec tion  of 2 m l of a i r  b e tte r  
than  the c o n tro ls  but not quite so well as the cooled an im a ls . Of the seven  
o v e rh ea ted  ra b b its , 3 died. In the ov erh ea ted  an im als , follow ing the 
in jec tion  of a i r  a m ark ed  g en e ra l d ep re ss io n  o c c u rre d , and p e r s is te n t  
op istho tonus developed (F ig u re  3); tachypnea caused  by o v erh ea tin g
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i n c r e a s e d  f u r t h e r ,  w h e r e b y  r e s p i r a t i o n  b e c a m e  d e e p e r  and  i nvolved  
p a r t i c i p a t i o n  of  the  a b d o m i n a l  m u s c l e s .  The  g e n e r a l  c o n d i t i o n  of the 
s u r v i v i n g  a n i m a l s  b e c a m e  n o r m a l  a t  the end  of the  s e c o n d  hour'  af ter '  a i r  
inj e c t i on .

T h e r e f o r e ,  o v e r h e a t i n g ,  and ,  p a r t i c u l a r l y ,  c o o l i n g  ol the' r a b b i t s  
i n c r e a s e d  t h e i r  r e s i s t a n c e  to a r t i f i c i a l  a i r  e m b o l i s m .

I Li ! ■.:i: i \ : v . n i  N o K \  [ H1 r i: • i  .U v i ; ! ; .. ' '  U

■: r ,

. >ai c s i s  * 'II C i c  1
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FIGURED, R a b b i iN o . 'U .  Experiment o f  12 April lWiu 
Genera l  onu i i t i on  oi ovcruc. t ' evi ,n :
after intravenous i nj ec t ion oi U ml  ol a;r

R e s u l t s  of S h o r t -  T e r m  E x p e r i m e n t s

T y p i c a l  c h a n g e s  in t he  r e s p i r a t i o n  and  b lood  p r e s s u r e  o c c u r r i n g  a f t e r  
i n t r a v e n o u s  i n j e c t i o n  of 1 m l  of  a i r  in f i ve  co n t r o l  r a b b i t s  a r e  sho wn  in 
F i g u r e  4. In t h e s e  a n i m a l s ,  f o l l o w in g  t he  f i r s t  i n j e c t i on  of  1 m l  of a i r ,  a 
c o n s i d e r a b l e  d e p r e s s o r  e f f ec t  wi th p r o n o u n c e d  b r a d y c a r d i a  w a s  i m m e d i a t e l y  
no t e d .  A f t e r  1.5 — 2 m m  the  b lood  p r e s s u r e '  d r o p p e d  32 — 53 % be low  the  
o r i g i n a l  f i g u r e ,  wh ich  w as  1 1 0 — 120 m m  Hg. The1 h e a r t  r a t e  
s l o w e d  f r o m  110 — 130 to 50 — 75 b e a t s  a  m i n u t e .  On t he  b lood  p r e s s u r e  
c u r v e  t e r t i a r y  w a v e s  a p p e a r e d  in a l l  c a s e s ,  d y sp n ea  o c c u r r e d  i m m e d i a t e l y .

Al l  t h e  c o n t r o l  r a b b i t s  d i ed  a f t e r  one  o r  two i n j e c t i o n s  of a i r ,  e x c e p t  
f o r  one ,  wh i ch  w a s  a b l e  to  t o l e r a t e  t h r e e  i n j ec t i o ns .

In t h e  s e v e n  [ s i c ]  c o o l e d  r a b b i t s  t h e  i n i t i a l  blood p r e s s u r e  l e v e l  was  
s o m e w h a t  h i g h e r ;  t h e  p u l s e  r a t e  s o m e w h a t  s l o w e r ,  an d  r e s p i r a t i o n  d e e p e r  
t h a n  in t h e  c o n t r o l  a n i m a l s .  T h e  c o o l e d  r a b b i t s  r e a c t e d  to t h e  i n i t i a l  
i n j e c t i o n  of  a i r  w i th  a m o r e  g r a d u a l  a n d  l e s s  p ro n o u n c e d  b lo o d  p r e s s u r e  
r e d u c t i o n  ( F i g u r e  5). D y s p n e a  a l s o  d e v e lo p e d  m o r e  g r a d u a l l y  and r e a c h e d  
a m a x i m u m  wi th  t h e  a p p e a r a n c e  of p r o n o u n c e d  b r a d y c a r d i a  in  t he  4 — Gth 
m i n u t e  a f t e r  i n j e c t i o n  of a i r .  R e s i s t a n c e  of t he  c o o l e d  r a b b i t s  to t h e  a i r  
e m b o l i s m  w as  m u c h  g r e a t e r  t h a n  t h a t  of  c o n t r o l  a n i m a l s  e v e n  in t h e s e  
e x p e r i m e n t s :  t h e y  d i ed  a f t e r  on ly  4 — 5 a i r  i n j ec t i o n s .

O v e r h e a t i n g  of t he  r a b b i t s  (6 a n i m a l s )  [ s ic ]  l o w e re d  t he  p r e s s u r e -  
s o m e w h a t  and  c a u s e d  a  c o n s i d e r a b l e  i n c r e a s e  in t h e  r e s p i r a t o r y  a nd  c a r d i a c  
r a t e s .  Th e  r e a c t i o n s  of t he  o v e r h e a t e d  a n i m a l s  to the  a i r  i n j e c t i o n  w e r e  
s o m e w h a t  u n u s u a l .  I n s t e a d  of t h e  d e p r e s s o r  ef fect ,  i n i t i a l l y  a g e n e r a l  
r i s e  m  the  b lood  p r e s s u r e  w as  n o t e d  w i th  m a r k e d  t e r t i a r y -  w a v e s  and  a 
d i s t i n c t  v ag a l  p u l s e  [ F i g u r e  ti). R e s p i r a t i o n ,  s u p e r f i c i a l  a nd  a s  f a s t  a s  
p o s s i b l e  b e f o r e  t he  i n j ec t i o n  of a i r ,  b e c a m e  s o m e w h a t  s h a l l o w e r  and  
s l o w e r  a f t e r  it.

I'he o v e r h e a t e d  r a b b i t s  a l s o  w e r e  m o r e  r e s i s t a n t  to a i r  e m b o l i s m  th an  
t h e  c o n t r o l s .  T h e y  t o l e r a t e d  2 — 3 a i r  i n j e c t i o ns .  It i s  s i g n i f i c a n t  t h a t  7
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th e ir  deaths o c c u rre d  suddenly; the 
blood p re s s u re  suddenly  began to 
drop sh a rp ly  from  quite a high level; 
m ark ed  re s p ira to ry  d is o rd e rs  
appeared , and death o c c u rre d . The 
s h o r t-  te rm  ex p e rim en ts  showed, 
th e re fo re , tha t both the o v erh ea ted  
and p a r t ic u la r ly  the cooled ra b b its  
to le ra te d  a la r g e r  num ber of a i r  
in jec tio n s than the c o n tro ls . T hese 
re s u l ts  g en era lly  co incided  with 
those  of long- te rm  ex p e rim en ts

D iscu ssio n  of 
R esu lts

The e x p e rim e n ts  conducted  
showed, f i r s t  of a ll, an in c re a s e  in 
the re s is ta n c e  of o v e rh ea ted  and 
p a r t ic u la r ly  cooled  an im a ls  to  a i r  
em bolism ; secondly , som e changes 
in the re a c tio n s  of the body in a s ta te  
of h y p er- o r  hypo th erm ia  to  in tr a ­
venous a i r  in jection . The question  
a r is e s  a s  to the b a s is  of the in c re a se d  
body re s is ta n c e  to a i r  em bolism  
under the influence of o v erh ea tin g  
and cooling. O verheating  c a u se s  
tachypnea, accom pan ied  by in c re a se  
in pu lm onary  ven tila tion , in c re a s e s  
the ca rd ia c  ra te , and the g en era l 
blood flow. A ll th e se  re a c tio n s  a re  
undoubtedly usefu l to  the body in its  
fight ag a in st a i r  em bolism ; they 
con tribu te  to frac tio n a tio n  of a i r  
bubbles p a ss in g  through the h e a r t, 
and to the m ost rap id  e lim in a tio n  of 
a i r  em boli o b s tru c tin g  the pu lm onary  
c a p illa r ie s . H ow ever, the situ a tio n  
ev idently  did not am ount to th e se  
p o sitiv e  fa c to rs . In travenous a i r  
in jec tion  into o v erh ea ted  an im als  not 
only fa iled  to red u ce  th e ir  typ ica l 
d e p re s s o r  reac tio n , but caused  an 
unusual p r e s s o r  e ffec t with undulating  
blood p re s s u re  v a ria tio n s  and a f te r  a 
num ber of a i r  in jec tio n s, sudden death. 
It m ay be assu m ed  th a t th is  is  con­
nected  with d ila ta tio n  of pu lm onary  
c a p illa r ie s  under the influence of

81



o v erh ea tin g  and with p en e tra tio n  of a i r  em boli into the g re a te r  c ircu la tio n  
and c e re b ra l  blood v e s s e ls . The p ro b ab ility  of such an assum ption  has 
been confirm ed  by the data of P . M. G ram en itsk ii and A. A. Savich (1964), 
who, in ex p e rim en ts  with gas tra p s , re c o rd e d  the sam e  re a c tio n s  with a 
co n sid erab le  num ber of gas bubbles in the a r te r ia l  blood.

A ccording to the data of a num ber of au th o rs  (V a l'te r , 1866; Egorov, 
1956; M ete litsa , 1956), in the in itia l p e rio d  cooling a lso  leads to an 
in c re a se  in pu lm onary  ventila tion , a c c e le ra tio n  of the blood flow and 
in c re a se  in blood p re s s u re .  The la t te r  has a lso  been con firm ed  by s h o r t­
te rm  ex p erim en ts  p e rfo rm ed  by u s . T h ere fo re , with c e r ta in  d e g re e s  of 
cooling fav o rab le  conditions a re  c re a te d  fo r the elim ination  of a i r  em boli 
in jec ted  into the venous blood. H owever, a co n sid e rab le  in c re a se  in the 
re s is ta n c e  of the cooled o rg an ism  to in trav en o u s a ir  in jec tion  is  evidently  
based  not only on the re a c tio n s  m entioned. A ir em bolism  of pu lm onary  
v e s s e ls  undoubtedly c a u ses , along with p ro tec tiv e  co m p en sa to ry  reac tio n s , 
a num ber of unfavorab le  re fle x e s . Among them  m ay be m entioned, fo r 
exam ple, reduction  of blood p re s s u re  in the g re a te r  c irc u la tio n  with 
in c re a se  in the p r e s s u re  in the pu lm onary  a r te r ie s  (Schwiege, 1935;
P a r in , 1939).

A ir em bolism  is , in addition, accom panied  by such consequences a s  
hypoxem ia, which h as  an unfavorable  influence ch iefly  on the c e n tra l 
n ervous sy s tem . H ypotherm ia of the body e x e r ts  an inh ib ito ry  effect on 
the c e n tra l  nervous sy stem  (T synkalovskii and Azhipa, 1956), and th e reb y  
red u ces  its  se n s itiv ity  to unfavorable  re f le x e s  and d ire c t in fluences. 
Evidently , th is  exp la ins why in c re a se  in body re s is ta n c e  to a r t if ic ia l  a ir  
em bolism  is  g re a te r  with cooling than with overhea ting .

In conclusion, it is  e s se n tia l  to com pare  the fa c ts  we have obtained  with 
data concern ing  the effect of cooling and heating  of the body on the o c c u r­
ren ce  of d eco m p ress io n  d is o rd e rs . As has been d e te rm in ed  by V. A. 
A ver'yanov  (1962), heating  of the body during  n itrogen  d esa tu ra tio n  
p re v e n ts  the developm ent of deco m p ressio n  d iso rd e rs ;  cooling u n d er the 
sam e conditions in c re a s e s  the frequency  with which they  o ccu r. In h is  
ex p e rim en ts  the te m p e ra tu re  fa c to r  ac ted  on an im als  whose bodies had 
been su p e rsa tu ra te d  with n itrogen: hea t a c c e le ra te d  the p ro c e s s  of tis su e  
d esa tu ra tio n  and reduced  o r  p rev en ted  the fo rm atio n  of gas bubbles in the 
blood flowing out of them ; cold ac ted  in the opposite  way. In o th e r  w ords, 
the en tire  s itua tion  am ounted e sse n tia lly  to a change in the n itrogen  
d esa tu ra tio n  ra te  under the influence of te m p e ra tu re  changes. In ou r 
ex p erim en ts  th e re  was no su p e rsa tu ra tio n  of the body with an ind iffe ren t 
gas, and the e n tire  s itua tion  am ounted to the body 's  con tro l of a r tif ic ia lly  
c re a te d  a i r  em bolism . The data ob tained by V. A. A ver'yanov  and the 
r e s u l ts  of our ex p erim en ts  a re  not co n trad ic to ry .

C onclusions

1. In overcoo ling  and o v erh ea tin g  of rab b its  th e re  is  an in c re a se  in 
th e ir  re s is ta n c e  to a r t if ic ia l  a i r  em bolism . T his in c re a se  is  m ore  
pronounced in hypo therm ia  than in h y p e rth e rm ia .

2. The m ech an ism s of in c re a se  in re s is ta n c e  to a i r  em bolism  in hypo- 
and h y p e rth e rm ia  a re  ap p aren tly  som ew hat d ifferen t. In h y p e rth e rm ia
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they  c o n s is t ch iefly  of re a c tio n s  which con tribu te  to a m o re  rap id  rem o v a l 
of a i r  bubbles from  the blood s tre a m . In hypo therm ia , along with side 
re a c tio n s , red u ced  se n s itiv ity  of the c e n tra l  nervous sy stem  to un favorab le  
re f le x  in fluences cau sed  by gas bubbles and to hypoxem ia accom pan ied  by 
a i r  em bolism  is  of g re a t im p o rtan ce .
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'  V .l . A rse n 'e v a , P . M. G ram en itsk ii, and K. S. Yurova

COMPARATIVE CHARACTERISTICS OF RESPIRATORY AND 
CIRCULATORY REACTIONS OF UNANESTHETIZED DOGS TO 

DECOMPRESSION AND ARTIFICIAL AIR EMBOLISM

(S ravn ite l'naya  k h a ra k te r is tik a  re a k ts ii  dykhaniya i k rovoobrashchen iya  
nenarko tiz irovannykh  sobak na dekom pressionnuyu i iskusstvennuyu

aeroem boliyu)

From  a num ber of p a p e rs  dealing  with physio log ica l a n a ly s is  of 
ca isso n  s ick n ess  (B restk in , 1958; Vavilov and G ram en itsk ii, 1958; 
G ram en itsk ii, Savich, and Yurova, 1964), it follow s th a t a i r  em bolism  in 
the venous sy stem  and pu lm onary  c a p il la r ie s  p lay s the lead ing  p a r t  in the 
m echan ism  of developm ent of d eco m p ressio n  d is o rd e rs . T hese w orks a lso  
study re s p ira to ry  and c irc u la to ry  re a c tio n s  of v a rio u s  an im als  to decom ­
p re s s io n  and a r t if ic ia l  (produced by in trav en o u s a i r  in jection) a i r  em bolism  
in s h o r t-  te rm  ex p e rim en ts , and the s im ila r ity  in p rin c ip le  betw een these  
re a c tio n s  is  shown in v a rio u s  c a se s .

The ex p e rim en ts  of G ram en itsk ii and Yurova (1964) with rep ea ted  
in travenous in jec tio n s of a i r  into ra b b its  d em o n stra ted  the p o ss ib ility  of 
tra in in g  the body fo r  a r t if ic ia l  a i r  em bolism . A co m p ariso n  of th is  fact 
with p rev io u s  data  su g g ests  the likelihood th a t the in c re a se  in body 
re s is ta n c e  to freq u en tly  rep ea ted  d eco m p ressio n  e ffec ts  (A ver'yanov, 
G ram en itsk ii and Savich, 1961) is  a lso  based  on tra in in g  of the body fo r 
a i r  em bolic phenom ena. The p re se n t investiga tion  was m ade in o rd e r  to 
check th is  supposition  and to defin itive ly  su b stan tia te  conclusions of 
p rev io u s w ork. The f i r s t  ta sk  was to study re s p ira to ry  and c a rd io v a sc u la r  
re a c tio n s  of unan esth e tized  an im a ls  to d eco m p ressio n  and a r t if ic ia l  a i r  
em bolism  in freq u en tly  rep ea ted  long- te rm  ex p erim en ts . The second ta sk  
w as de te rm in in g  w hether tra in in g  fo r  a r t if ic ia l  a i r  em bolism  is  effective 
with re sp e c t to d eco m p ressio n , and, co n v erse ly , w hether in c re a se d  
re s is ta n c e  to the d eco m p ress io n  effect r e s u l ts  in in c re a se d  re s is ta n c e  to 
in travenous in jection  of se v e ra l g a se s  sim ultaneously .

Method

The ex p erim en ts  w ere p e rfo rm ed  on th re e  dogs with c a ro tid  a r te r ie s  
e x te r io r iz e d  in a sk in  flap . The an im als  w ere tra in e d  to lie  qu ietly  on 
one side in a sp ec ia l cage in a fixative su it and to  b rea th e  through a m ask . 
R esp ira tio n  and pu lse  w ere re c o rd e d  by carbon  p ickups on an M PO- 2
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o sc illo g ra p h , pu lm onary  ven tila tion  by a gas m e te r  fu rn ish ed  \fcith e le c tr ic  
co n tac ts , the e le c tro c a rd io g ra m  was re c o rd e d  with th re e  s ta n d a rd  lead s.
A re c o rd  of th e se  ind ices in som e c a s e s  w as m ade im m ed ia te ly  a f te r  
ra p id  d eco m p ress io n  from  4.5 a tm  (exposure 15—60 m in); in  o th e r  c a se s , 
a f te r  in trav en o u s in jec tion  of a i r  (in a quantity  from  20 to  50 m l in 1 — 2 m in).

A sp e c ia l sy s tem  was u sed  fo r  in jec tin g  a ir .  The ap p a ra tu s  is  shown in 
F ig u re  1. A g la ss  ball (a) having two o u tle ts  was connected  by ru b b e r 
tub es in i ts  low er p o rtio n  to  a g rad u a ted  b u re tte  (b) and in its  upper p a r t , 
to  the bag of ISAM- 48 a p p a ra tu s  (c). In th is  bag, through a re d u c e r  (d) 
connected  to the tank, an  in c re a se d  a i r  p r e s s u r e  w as c re a te d . It w as 
used  f i r s t  to  d riv e  the  w a te r in the sy s tem  out of the b u re tte  into the ball 
and then, ex p e rim en ta lly  to  d isp lace  the w ate r from  the ball into the 
b u re tte . T hereby  the a i r  found in the b u re tte  e n te re d  the ru b b e r  tube con­
nec ted  to  i ts  u p p er end and then, th rough a th in  in jec tio n  needle  (e) 
in s e r te d  into the a n im a l 's  vein, e n te re d  the blood. In e x p e rim e n ts  with 
d eco m p ress io n , when the dogs developed the typ ica l s igns of ca isso n  
s ic k n e ss  in the lim b s the re c o rd  was continued fo r  3—5 m in, and then  a 
th e rap eu tic  re c o m p re s s io n  was p e rfo rm ed . In a ll, 187 e x p e rim e n ts  with 
d eco m p ress io n  of the an im a ls  from  in c re a se d  p re s s u re  and 44 e x p e rim e n ts  
with in trav en o u s in jec tion  of g a se s  w ere p e rfo rm ed .

The e x p e rim e n ts  sh ow ed tha t changes in  re s p ira tio n  and c a rd ia c  ac tiv ity  
in in tac t an im a ls  u n d er the effect of d eco m p ress io n  and in trav en o u s a i r  
in jec tion  a re  v e ry  s im ila r . In both c a s e s  dyspnea alw ays o c c u rs  with 
g re a te r  o r  l e s s e r  in c re a s e  in pu lm onary  ven tila tion , and, a s  a ru le , the

FIGURE 1. System for intravenous injection of aii 

Explanation in the text.

R esu lts  of E x p e rim en ts  and D iscussion
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pu lse  stow s, fn in itia l ex p erim en ts  w here adaptation  h as  not ye t been 
c re a te d  to  co rresp o n d in g  e ffec ts , the in ten sity  of the dyspnea and b rad y ­
c a rd ia  during d eco m p ressio n  depends d ire c tly  on the du ra tion  of exposure  
of the an im a ls  under p re s s u re ; a f te r  a i r  in jection , on the dose and ra te  
of in jection . It is  sign ifican t tha t the changes noted in re s p ira tio n  and 
ca rd iac  ac tiv ity  during d eco m p ressio n  o ccu r not only in those  ex p erim en ts  
which te rm in a te  in developm ent of typ ica l sym ptom s in the lim b s, but a lso  
in those which a re  not a sso c ia te d  with th e se  sym ptom s and, in view of the 
b rev ity  of the exposure  tim e  "a t ground level, " do not even th re a te n  to 
develop.

FIGURE 2. Changes in respiration, pulse and pulmonary ventilation in the dog Volchok after 
decompression from 4.5 atm (exposure of 6 min)

From top down: respiration, pulse, pulmonary ventilation (200 ml marking); tim e marking,
1-second intervals: a — 10 min: b — 20 min; c — 30 min after completion of decompression.

FIGURE 3. Changes in respiration, pulse, and pulmonary ventilation in the dog Kudryash during the 
development of typical decompression symptoms ( pressure 4.5 atm. exposure 20 min,)

a — 10 mm; b — 30 min; c — 40 min after decompression (occurrence of symptoms). The rest of the 
key is the same as in Figure 2.

Along with a g en era l s im ila r ity  in the re a c tio n s  to d eco m p ressio n  
effec ts  and in travenous in jec tio n s of a ir ,  th e re  a re  a lso  c e r ta in  d iffe ren ces, 
p r im a r i ly  with re g a rd  to the dynam ics of change of r e s p ira tio n  and ca rd iac  
ac tiv ity . In a r tif ic ia l  a i r  em bolism , dyspnea and slow ing of the h e a r t  ra te  
a re  m ost pronounced in the f i r s t  5 —10 m in a f te r  the in jection  of a ir ; then 
they  g radually  slacken  and in a num ber of c a se s , at the end of the experim en t.
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a f te r  50 m inu tes, they  d isap p ea r e n tire ly . A fter d eco m p ress io n  dyspnea 
and b ra d y c a rd ia  develop g radua lly , reach in g  a m axim um  in the 20 th—30th 
m inu te  in e x p e rim e n ts  which a re  not a sso c ia te d  with jo in t sym ptom s; in 
e x p e rim e n ts  w here jo in t sym ptom s do o ccu r la te r , dyspnea and b ra d y c a rd ia  
p ro g re s s  up to the point w here such sym ptom s m ake th e ir  ap p earan ce .
T h is fac t becom es p e rfe c tly  understan d ab le  if we co n s id e r th a t a i r  em bolic

FIGURE 4. Changes in respiration, pulse, and pulmonary ventilation in the dog Volchok after intravenous
i n j e c t i o n  o f  5C m i  o f  a i r  i n  2  m i n  a n d  1 5  s e c

a  — b e f o r e  i n j e c t i o n ;  b  — a t  t h e  e n d  o f  t h e  i n j e c t i o n ;  c  — a f t e r  1 0  m i n ;  d — a f t e r  2 0  m in. The r e s t  of 
t h e  k e y  i s  t h e  s a m e  a s  fo r  F i g u r e  2 .

phenom ena caused  by d eco m p ress io n  develop g radually , and a t the depth 
and exposu re  t im e s  which w ere u sed  in the ex p e rim en ts  they  m o st freq u en tly  
reach  a m axim um  sp ec if ica lly  20—30 m in a f te r  em erg in g  fro m  under 
p r e s s u re .  A c h a ra c te r is t ic  of the re a c tio n s  stud ied  in the c a se  of a r t if ic ia l  
a i r  em bolism  is  the b rie f  tach y ca rd ia  during  the c o u rse  of the a i r  in jection , 
which is  im m ed ia te ly  rep laced  by b rad y ca rd ia  a t the end of the in jec tion .
In c a s e s  of d eco m p ress io n  e ffec ts , th e se  re a c tio n s  acq u ire  th e ir  c h a ra c ­
te r is t ic  fe a tu re s  during  the developm ent of sym ptom s in the lim b s. When 
th e se  sym ptom s do o ccu r b ra d y c a rd ia  is  then re p la c e d  by an in c re a s e  in 
the pu lse  r a te , and re s p ira t io n  becom es m o re  freq u en t but m o re  s u p e r ­
fic ia l, and the dogs show m oto r r e s t le s s n e s s .  A ll th is  is  ev idently  
explained  by the o c c u rre n c e  of s e v e re  pain  in the a ffec ted  lim b.

In F ig u re  2 an ex p erim en t is  shown with d eco m p ress io n  e ffec ts  tak ing  
p lace  w ithout ty p ica l sym ptom s in the lim b s but accom pan ied  by a 
pronounced  g en e ra l d ep re ss io n  of the dog, no ticeab le  even a t the end of 
the re c o rd  with the an im al in a n a tu ra l p osition . The f ig u re  show s an 
in c re a se  in dyspnea during  the c o u rse  of the ex p erim en t and the develop­
m ent of b ra d y ca rd ia  in the 20th m inute a f te r  d e co m p ress io n . In F ig u re  
3 a c a se  is shown with painful sym ptom s o c c u rr in g  38 — 40 m in  a f te r  
d eco m p ress io n . F ro m  the o sc illo g ra m s  it is  evident th a t a m ark ed  
b ra d y c a rd ia  ( re c o rd  taken  in the 30th m inute) is  re p la c e d  by a re la tiv e  
in c re a se  in the pu lse  ra te ; re s p ira tio n  becam e m o re  freq u en t but m o re  
su p e rf ic ia l. In F ig u re  4 an ex p erim en t is  shown with the in trav en o u s 
in jec tion  of a ir .  The o sc illo g ra m s  i l lu s tra te  the ta c h y c a rd ia  a t the end of 
the a i r  in jection , which is  re p la c e d  by a slow ing of the p u lse  and dyspnea, 
m ost p ronounced on the re c o rd  m ade 10 m in  a f te r  the in jec tion .
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FIGURE 5. Typical changes in the respiration pulse and pulmonary ventilation 
after intravenous air injection (experiment of 130ctober 1961; the dog Volchok, 
injected with 60 ml of air in 2 min and 16 sec)

1. Respiratory rate; 2. pulse rate; 3. pulmonary ventilation in 1 min.

T i m e  a f t e r  t h e  e n d  o f  d e c o m p r e s s i o n

FIGURE 6. Typical changes in the pulse, respiration, 
and pulmonary ventilation in decompression (experi­
ment of 22 May 1961; the dog Volchok; pressure of 
4.6 atm; exposure 60 min)

The key is the same as for Figure 5.

In F ig u re s  5 and 6 g raphs a re  shown which re p re s e n t  the typ ica l 
dynam ics and sc a le s  of the functional changes stud ied  during  a r t if ic ia l  and 
d eco m p ressio n  a i r  em bo lism . It should be noted tha t the absence  of 
e s se n tia l  changes in the r e s p ira to ry  ra te  in deco m p ressio n  ex p erim en ts  
does not signify the absence  of dyspnea. In th e se  c a s e s  it developed 
e sse n tia lly  because of the in c re a se d  am plitude of r e s p ira to ry  m ovem ents 
r a th e r  than because of the ra te .
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The m ain  changes in the e le c tro c a rd io g ra m s , both in the ca se  of 
d eco m p ress io n  and a r t if ic ia l  a i r  em bo lism , am ount to  the follow ing. F i r s t  
of a ll, a. sh ift to the rig h t of the c a rd ia c  ax is  is  found. T h is is  ev idenced  
by the index R m/ R i ,  which re f le c ts  the ra tio  of the h e igh ts (voltages) of 
the co rre sp o n d in g  w aves. In the co n tro l e x p e rim e n ts  th is  index w as equal, 
on the av e rag e , to 1.7 with v a ria tio n s  from  0.7 to  3.7 fo r  d iffe ren t 
ex p e rim en ts  and d iffe ren t dogs. A fte r d eco m p ress io n  and p a r t ic u la r ly  
a f te r  an in jec tion  it u su a lly  in c re a se d  co n sid e rab ly , and in a num ber of 
c a s e s  w as found equal to  5, 5.5 o r  even 6. It m u st be supposed  th a t the 
r ig h t ax is  deviation  in  th e se  c a s e s  r e f le c ts  an in c re a se d  functional load 
on the r ig h t v e n tr ic le  of the h e a r t  a s so c ia te d  with an o b s tru c tio n  of the 
pu lm onary  c a p il la r ie s  by a i r  em boli.

The second ty p ica l ECG change w as the in v e rs io n  a t the beginning of 
the T wave, which w as p a r t ic u la r ly  no ticeab le  in the second lead . While 
n o rm a lly  negative , T2 b ecom es p o sitiv e  o r  b iphasic  in a i r  em bo lism .
T his undoubtedly s e r io u s  change in  the ECG is  re f le c ted  in F ig u re  7, w here 
a t the sam e  tim e  a m ark ed  b ra d y ca rd ia  and a rrh y th m ia  a re  re a d ily  seen  
in  th is  c a se  a f te r  the in jec tion  of a ir .

In a g reem en t with p rev io u s  data, the e x p e rim e n ts  p e rfo rm e d  showed 
th a t a f te r  freq u en t re p e titio n  of the e ffec ts  th e re  is  a co n sid e rab le  
in c re a s e  in the a n im a l 's  re s is ta n c e  both to  the in trav en o u s a i r  in jec tion  
and to d eco m p ress io n .

In c re a se  in re s is ta n c e  to  a r t if ic ia l  a i r  em bolism  a f te r  re g u la r ly  
re p e a te d  e ffec ts  was m an ifested  in the dogs' ab ility  to to le ra te  d o ses  of 
a i r  tw ice a s  g re a t a s  the  o rig in a l with no g re a te r  d isco m fo rt. Thus, 
judging fro m  e x te rn a l ap p earan ce , the  g en e ra l condition  and the rap id ity  
with which re s p ira t io n  and c a rd ia c  ac tiv ity  becam e n o rm al, the dogs 
to le ra te d  the in jec tio n s  of 45 — 50 m l of a i r  a f te r  re p e a te d  ex p e rim en ts  
with a r t if ic ia l  a i r  em bolism  in the sam e way a s  they  had in itia lly  
to le ra te d  it  in a dose of 20 — 25 m l.

In c re a se d  re s is ta n c e  of the an im a ls  to d eco m p ress io n  e ffec ts  during  
the c o u rse  of the ex p e rim en ts  was evidenced by a co n sid e rab le  in c re a se  
in the safe  tim e  they  w ere  a t a depth of 45 m , d e te rm in ed  by the o c c u rre n c e  
of ty p ica l p o s t-  d eco m p ress io n  signs in the lim b s. Thus, in the  dog Volchok 
th is  tim e  in c re a se d  from  40 to 60 m in; tru e  enough, follow ing a p e rs is te n t  
hind leg  p a r e s is  which w as e lim in a ted  a f te r  a m onth it again  d e c re a se d  to 
50 m in u tes . In the  dog T im oshka the safe  p e rio d  in c re a se d  fro m  25 — 40 
m in; in  the dog K udryash , 15 — 40 m in.

It is  m o st s ign ifican t th a t in ex p e rim en ts  with two dogs, in c re a se d  body 
re s is ta n c e  to  the e ffec t of d eco m p ress io n  w as accom pan ied  by a s im u ltan eo u s 
in c re a se d  re s is ta n c e  to a r t if ic ia l  a i r  em bo lism , and v ice  v e rs a . In the 
f i r s t  dog (K udryash) r e g u la r  ex p e rim en ts  with the effect of d eco m p ress io n  
w ere  conducted fo r  s e v e ra l m onths. D uring th is  tim e  the re a c tio n  of the 
an im al to a i r  in jec tio n s given e v e ry  two w eeks w as checked . It w as found 
th a t th e se  t r i a l  in jec tio n s of a i r  w ere to le ra te d  p ro g re s s iv e ly  b e tte r  by 
the a n im a ls , although we cannot in any way suppose th a t the an im al had 
been adap ted  by tra in in g  to  the ac tu a l a i r  in jec tio n s.

The second dog (Volchok) was f i r s t  exposed to rep e a te d  d eco m p ress io n  
e ffec ts . At the beginning of th e se  ex p e rim en ts , the m axim um  sa fe  tim e  on 
the "bottom " was 40 m in; a t the end of the ex p e rim en ts , 50 m in. Then fo r  
a m onth th e  an im al w as in trav en o u sly  in jec ted  with a i r  22 t im e s . A check 
on the safe  tim e  a f te r  th is  showed th a t it  had in c re a se d  to  65 m in. T h e re fo re ,
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tra in in g  fo r  a r t if ic ia l  a i r  em bolism  led  to an add itional in c re a se  in 
re s is ta n c e , g re a te r  them achieved by rep ea ted  d eco m p ress io n  e ffec ts .

The c r o s s - t r a in in g  effect found left no doubt th a t in c re a s e  in  the 
body 's  re s is ta n c e  to re p e a te d  d eco m p ress io n  effec ts  is  based , to a 
co n sid e rab le  d eg ree , on the p e rfec tio n  of re a c tio n s  p roduced  by a ir  
em bo lism . The ex p e rim en ts  ac tu a lly  showed th a t with re p e titio n  of the 
effec ts  of d eco m p ress io n  and in travenous a i r  in jection , the r e s p ir a to ry  and 
c a rd io v a sc u la r  re a c tio n s  w ere  som ew hat m odified .

B rad y ca rd ia  is  p ro g re s s iv e ly  le s s  pronounced, in v a rio u s  c a s e s  does 
not o ccu r a t a ll and is  even rep la c e d  by in c re a se  in the h e a r t  r a te .  Dyspnea 
p e r s is ts ,  although it b ecom es som ew hat m o re  m o d era te  during  the r e p e t i ­
tion of the ex p e rim en ts . The in v e rs io n  of th e  ECG w aves m entioned  
d e c re a s e s  and d isap p ea rs ; the r ig h t ax is  deviation  p e r s i s t s .  F inally , it 
is  s ign ifican t tha t with rep e titio n  of the e x p e rim e n ts  dyspnea and ta c h y ­
c a rd ia  o ccu r by conditioned re f le x  in the an im als  from  the ex p erim en ta l 
s itu a tio n  alone and from  conditioned s tim u li a sso c ia te d  with a i r  em bolism  
(p lacem ent in the cage, bubbling of the a i r  through the w a te r valve of the 
sy s tem  fo r gas in jection , no ise  of the ta p e -  winding m echan ism  of the 
o sc illo g rap h ).

T h e re fo re  the re a c tio n s  to  d eco m p ressio n  and a r t if ic ia l  a i r  em bolism  
a re  p e rfec ted , f i r s t  of a ll, in th a t com ponents unfavorab le  to the body 
d isap p ea r and th e re  is  an in c re a se  in the p ro tec tiv e  functional changes; 
secondly , in th a t th e se  re a c tio n s , which p rev io u sly  w ere  m o re  com plete , 
a re  in ita ted  so o n er, even p r io r  to the ap p earan ce  of gas bubbles in the 
blood.

C onclusions

1. C hanges in re s p ira t io n  and c a rd ia c  ac tiv ity  which o c c u r in u n an esth e ­
tized  dogs during  d eco m p ressio n  and a r t if ic ia l  a i r  em bolism  a re  s im ila r
in p r in c ip le .

2. T ra in in g  the o rg an ism  fo r a r tif ic ia l  a i r  em bolism  in c re a s e s  its  
r e s is ta n c e  to the e ffec ts  of decom pression ; likew ise , tra in in g  fo r  decom ­
p re s s io n  e ffec ts  in c re a s e s  re s is ta n c e  to in travenous gas in jec tion .

3. In c re a se d  body re s is ta n c e  to  d eco m p ressio n  e ffec ts  when they a re  
re p e a te d  freq u en tly  is  based, to a co n sid e rab le  d eg ree , on the p e rfec tio n  
of r e s p ir a to ry  and c a rd io v a sc u la r  re a c tio n s  p roduced  by a i r  em bo lism .
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V. A. L ivsh its

>
SIM PLE "CALCULATED TISSUE" MODELS

(P ro sty e  m odeli " ra sc h e tn o i tkan i")

The sa tu ra tio n  p ro c e s s e s  of v a rio u s  body tis s u e s  with an ind iffe ren t 
gas have not been stud ied  ex p erim en ta lly . H aldane 's  suggested  equation 
(Boycott, Dam ant, and Haldane, 1908), e x p re ss in g  the ra te  a t which 
gaseous and so lid  su b stan ces  d isso lve  in liqu ids under conditions of ideal 
m ixing, when the concen tra tion  in the fluid becom es uniform  exceedingly 
rap id ly , has been used  to date in the ca lcu la tion  of d eco m p ressio n  
conditions (Shchukarev, 1896; Donnan and M asson, 1920; B e lo po l'sk ii, 
1946; Pozin , 1946; K ishenevsk ii and P am filov , 1949; N ichik, 1949; 
Turkhan, 1950; B res tk in , 1952). T h is equation  is  as follow s:

w here p is  the tension  of the d isso lved  gas in the solution; 
t is  the tim e;

*/1 is  a constan t c h a ra c te r iz in g  the ra te  at which the given gas 
d isso lv es  in a given fluid;

P„ is  the p a r t ia l  p r e s s u re  of the d isso lved  gas;
p

P, =  YTxf • w here n is the p e rcen tag e  of the given gas in the m ix tu re .

A ccording to H aldane, the p ro c e s s  of sa tu ra tio n  of the body with ind if­
fe re n t gases  o c c u rs  sch em a tica lly  in the following way. The o rg an ism  is  
a kind of com bination  of "ca lcu la ted  t is s u e s "  which do not re a c t with one 
another and which d iffe r with re sp e c t to the ra te  at which they a re  s a tu ra te d  
with gas. The blood c irc u la te s  betw een the lungs and the "ca lcu la ted  
t is s u e s , " exchanging g ase s  in each p lace . In a s im p lified  form  it is  
believed  that the blood m anages to go into com plete  gaseous equ ilib rium  
both with the "ca lcu la ted  tis su e "  and the gas in the lungs. If, in addition, 
we co n sid e r only the tim e  in te rv a ls  which a re  long in com parison  with 
the tim e  the blood m oves from  the lungs to the "ca lcu la ted  tis su e , " the 
exchange of gas between the lungs and the tis su e  m ay be re p re se n te d  
sch em atica lly  by the p ro c e s s  of so lu tion  of the gas in the flu id  (sim ula ting  
tis su e ) a f te r  d ire c t contact betw een them . The schem a adopted by 
H aldane p e rm its  using  a d iffe ren tia l equation (1) in ev e ry  ca lcu la ted  tis su e .

T h ere fo re , equation (1) say s  tha t the ra te  of tis su e  sa tu ra tio n  is  
d ire c tly  p ro p o rtio n a l to the d ifference  betw een the p a r tia l  p re s s u re  of the 
gas in the lungs and its  tension  in the t is su e s .

If in equation (1) we co n sid e r P„ constan t, by sim p le  in teg ra tio n  we 
obtain  the usual Haldane exponential equation from  equation (1)

( 1 )

P =  Pm — (P„ — />„)• 0.5 4-,
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w here  P„=Pit=o.
The la t te r  is  unsu itab le  fo r  ca lcu la tin g  conditions in those  c a s e s  w here 

the e x te rn a l p r e s s u re  does not change suddenly, but s tead ily . However, 
equation  (1) is  su itab le  not only fo r  a constan t but a lso  fo r  v a ria b le  Pm. In 
th is  fo rm  equation  (1) r e p re s e n ts  a g en e ra liza tio n  of the u su a l exponential 
equation.

At the re q u e s t and with the d ire c t p a rtic ip a tio n  of G. A. Z a rak o v sk ii we, 
on the b a s is  of equation  (1), w orked out a m ethod of ca lcu la tin g  continuous 
d eco m p ress io n  conditions (sm ooth reduc tion  of p r e s s u r e  used  in d e c o m p re s­
sion  of ca isso n  w o rk e rs  a s  w ell a s  in tre a tm e n t of c a isso n  s ic k n e ss ) . An 
a n a ly s is  w as m ade of the conditions un d er which the p e rm is s ib le  s u p e r ­
sa tu ra tio n  coeffic ien t (ra tio  of gas ten s io n  in the " lead ing" t is s u e  to  the 
to ta l p re s s u re )  o r  the deg ree  of p e rm is s ib le  su p e rsa tu ra tio n  (d ifference  
betw een gas ten sio n  in the "lead ing" tis s u e  and the to ta l p re s s u re ) ,  re m a in s  
con stan t. By the m ethod we devised , Z arak o v sk ii c a lcu la ted  som e sp ec ific  
cond itions.

E quation  (1) is  the sam e a s  the equation  fo r  the voltage a t the  c a p a c ito r  
of an RC- c irc u it  (R is  a r e s i s to r  and C is  a cap ac ito r), connected  to  a 
so u rce  of em f with a value of P. (see the fig u re), w hereby x= R -C  ( t 
is  the so - ca lled  tim e  constan t of the RC c irc u it) . Thus, the RC c irc u it  
is  an e le c tr ic  analogy of the "ca lcu la ted  t is su e "  in tha t the sa tu ra tio n  (and 
d esa tu ra tio n ) p ro c e s s e s  of the t is s u e  with the gas and the ch a rg e  on the 
c a p a c ito r  a re  m a th em a tica lly  id en tica l.

The e le c tr ic  analogy ind ica ted  p e rm its  con­
s tru c tio n  of an e le c tro n ic  m odel of the  t is s u e s  of 
a d iv e r. F o r th is  it is  su ffic ien t to feed 
perio d ic  trap ezo id a l voltage p u lse s  s im u la ting  
descen t (or ascen t) of a d iv e r to a c e r ta in  depth 
and a s tay  at th is  depth, and o b se rv e  the voltage 
in the c a p a c ito rs  on the o sc illo g rap h .

We m ade up a " tech n ica l p lan" fo r  w orking 
out and p roducing  a tra p e z o id a l-  p u lse  o sc il la to r , 
a se t of c irc u its  and sy s te m s  fo r  re s to r in g  the 
b ase - line level to the C c a p a c ito r . In a c c o rd ­
ance with th is  p lan  I. A. Yudin w orked out and 

p roduced  an in s tru m e n t which m ak es it p o ss ib le  to o b se rv e  p ro c e s s e s  on 
the o sc illo g rap h  s c re e n  which a re  m a th em atica lly  id en tica l with sa tu ra tio n  
and d e sa tu ra tio n  p ro c e s s e s  of the t is s u e s  of the d iv e r with in d iffe ren t g a se s . 
In p r in c ip le , th is  in s tru m en t m ay be used  in ca lcu la tio n s  of d eco m p ress io n  
conditions, not to m ention its  p o ss ib le  use in teach ing  fo r  i l lu s tra tin g  of 
t is s u e  sa tu ra tio n  and d esa tu ra tio n .

E le c tr ic a l  analo g ies  m ay be found fo r  a ll m agnitudes and p ro c e s s e s  of 
in te re s t  in  connection with ca lcu la tio n  of d eco m p ressio n  conditions.

F o r exam ple, the follow ing a re  analogous:
C — the cap ac itan ce  of the c a p a c ito r  and the gas cap ac ity  of the tissu e ;
R — the e le c tr ic a l  re s is ta n c e  and re s is ta n c e  of the blood sy s tem  to the 

flow of the d isso lv ed  gas;
P — the e le c tr ic a l  voltage of the c a p a c ito r  and the gas ten sio n  in the 

tis su e ;
P„ — the em f of the so u rce  and the p a r t ia l  p r e s s u re  of the ind iffe ren t 

gas in the  lungs;
q — the e le c tr ic  ch a rg e  on the c a p a c ito r  and the quantity  of gas 

d isso lv ed  in the t is su e s ;

©
Circuit equivalent to 
"calculated tissue"
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i— ^  — the stre 'ngth  of the e le c tr ic  c u r re n t in the c irc u it  and the fo rc e  of 
the gas flow to a given tis s u e  in the blood system ;

F ick ’s law (1855) fo r  the diffusion ra te  c o rre sp o n d s  to O hm ’s law 
(u =  i- R) ;

a s im ila r  law fo r  gas in the t is s u e s  and in the blood sy stem  co rre sp o n d s  
to the law of co n se rv a tio n  of e le c tr ic  ch arg e .

When in the fu tu re , sc ien ce  ob ta ins data about sa tu ra tio n  p ro c e s s e s  of 
sp ec ific  body tis s u e s  with gas, e le c tr ic a l  ana log ies, when c o rre c tly  
se lec ted , w ill m ake possib le  not only the use of w ell developed m ethods of 
the  th eo ry  of e le c tr ic  c irc u its  fo r  ca lcu la tin g  the d eco m p ressio n  conditions, 
but a lso  the co n stru c tio n  of an e lec tro n ic  m odel of the body m ore  p e rfec ted  
than  the m odel m entioned above, and c o rre sp o n d in g  to H a ld an e 's  schem a.
The e lec tro n ic  m odel can g re a tly  fa c ilita te  the ca lcu la tion  of specific  
conditions.

In addition  to  the e lec tro n ic  m odel, s a tu ra tio n  of the "ca lcu la ted  t is su e "  
with ind ifferen t gas m ay be sim u la ted  by the sim p le  hyd rau lic  m odel of
S. I. Sklyarenko and I. A. K alinin (1953), which they  p rop o sed  fo r  the 
investiga tion  of su ccess iv e  ch em ica l re a c tio n s . It c o n s is ts  of two con­
ta in e r s  of a v isc id  fluid connected  to a c a p illa ry  tube in the bottom 
p o rtio n s . One co n ta in er s im u la te s  the lungs, the o th e r  (of cy lin d rica l 
shape), the tissu e ; the fluid s im u la te s  an ind iffe ren t gas.

As will be seen  below, with adherence  to c e r ta in  conditions th is  p ro v es  
to  be a m a th em atica lly  exact and not ju s t  a qua lita tive  analogy. Let us 
ca ll the fluid level in the  "lungs" co n ta in e r h^, th a t in the " tis su e "  co n ta in e r 
h, (both lev e ls  a re  d e te rm in ed  from  the com m on a r b i t r a r y  base  line). The 
leve l k, is  the a rb i t r a ry  tim e  function which we a re  using; then leve l h, 
ap p ro ach es h, a t a ra te  depending on the d ifference  betw een the lev e ls  hx 
and h,, the width of the " tis su e"  co n ta iner, and the re s is ta n c e  of the 
c a p illa ry  to  the m ovem ent of flu id . If the flow of flu id  in the c a p illa ry  is  
a t the th re sh o ld , then P o is e u il le 's  fo rm u la  is  ju s tified  (quoted from  F r is h  
and T im oreva, 1949). The la t te r  m ay e a s ily  be tra n s fo rm e d  to  a d iffe ren ­
tia l  equation of the follow ing type:

dhm i . ,
-57 =  > - U  0 )

H ere t is  the tim e; 1 / t  is  a constan t fo r  the given conditions, w hereby

-  =  g- • (4), w here R is  the rad iu s  of the cap illa ry , I i ts  length, S , is
the c r o s s -  sectional area of the "tissue" container; p is  the density of the 
fluid; q , i ts  v iscosity ; g the a c c e le ra tio n  of the fo rc e  of g rav ity .

As pointed out above, equation (3) d e sc r ib e s  the p ro c e s s e s  
in "ca lcu la ted  t is su e "  if we use  H aldane 's  schem a of the o rg an ism . In th is  
c a se  the flu id  leve l ht is  analogous to the gas tension  in the tis su e ; while 
the leve l hi is  analogous to  the p a r t ia l  p re s s u re  of th is  gas in the lungs.

The hydrau lic  m odel of the tis su e  has an advantage o v er the e le c tr ic a l 
m odel because of i ts  s im plicity ; how ever, it m ust be in fe r io r  to  it with 
re sp e c t to speed  and convenience of opera tion .
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P . M. G ram en itsk ii and P . A. Sorokinbb
THE MECHANISM OF RESPIRATORY AND CIRCULATORY CHANGES 

IN DOGS UNDER THE INFLUENCE OF HIGH OXYGEN PRESSURES

(K m ekhanizm u izm enen ii dykhaniya i k rovoobrashchen iya  u sobak 
p r i  d e is tv ii vysokikh davlen ii k islo roda)

Since the tim e  of P . B er (1878) the e x te rn a l p ic tu re  of acu te  oxygen 
poisoning h as  been well known. A ttention has been given to the su c c e ss iv e  
developm ent of signs of a toxic effect of high oxygen p re s s u re .  S. I. P r ik la -  
dov itsk ii (1936, 1940) d is tin g u ish es  th re e  p e rio d s  in the co u rse  of the 
convulsive fo rm s  of acute oxygen poisoning in an im als: the f i r s t  (p recon- 
vulsive) p e rio d  is  c h a ra c te r iz e d  by n o rm al behav io r with m o to r r e s t le s s n e s s  
o c c u rr in g  only tow ard  the end of th is  p e rio d  with local s igns of convulsion; 
the second (convulsive) p e rio d  is  e x p re sse d  in clonic and tonic convulsions; 
the th ird  (te rm in a l) o c c u rs  without convulsions, and is  c h a ra c te r iz e d  by 
p ro g re s s iv e  d ep re ss io n  of re sp ira tio n , ending in death.

A g re a t num ber of p a p e rs  have been w ritten  analyzing  the m echan ism  of 
developm ent of oxygen convulsions, chiefly  from  the asp ec t of a d e te rm in a ­
tion of the ro le  of v a rio u s  n ervous system  c e n te rs  in th e ir  o rig in  (Dionesov, 
K ravch insk ii, and P rik lad o v itsk ii, 1934; Ivanov, K ra v c h in sk ii,. P rik la d o - 
v itsk ii and Sonin, 1934; P rik lad o v itsk ii, 1936, 1940; Bean and R o ttschaffe r, 
1938; Zhironkin , 1940; Voino- Y asenetsk ii, 1950, and o th e rs) .

At the sam e  tim e , th e re  has been v e ry  little  study and a lm o st no 
an a ly sis  of changes in the m ain  v ita l functions — re sp ira tio n , and c irc u la ­
tion — during  acu te  oxygen poisoning. P a p e rs  ex isting  on th is  sub jec t 
a re  s c a tte re d . Behnke, F o rb e s , and M otley (1936) p re se n t data to the 
effect th a t in dogs an es th e tized  with sodium  b arb ita l the fa ll in blood 
p re s s u re  is  an e a r ly  co nstan t and sign of oxygen poisoning and alw ays 
p re c e d e s  the convulsion. B ean and R o ttsch affe r (1937, 1938) note th a t in 
d e c e re b ra te  dogs the e a r l ie s t  and m ost re lia b le  sign  of oxygen poisoning, 
ind icating  im m inent convulsions, is  hyperpnea accom panied  by h y p e r­
ven tila tion . T here  is  co n sid e rab le  connection betw een the hyperven tila tion  
effect, which a c c e le ra te s  the developm ent of oxygen poisoning, and a o rtic  
and c a ro tid  sinus n e rv e s . A ccord ing  to th e ir  data, in d e c e re b ra te  dogs 
under the influence of high oxygen p re s s u re  (5 — 6 atm ) b rad y ca rd ia  develops, 
which d e c re a se s  with d enerva tion  of the c a ro tid  s in u ses  and is  e lim in a ted  
by cu tting  the vagus n e rv e s . Subsequently, during  the co u rse  of the oxygen- 
induced convulsions, b ra d y c a rd ia  is  rep laced  by tach y ca rd ia , which, in 
th e ir  opinion, is  connected  with the se lec tiv e  block of e ffe ren t vagal f ib e rs . 
They a lso  o b se rv ed  in the  ex p erim en ta l an im als  a m o d era te  and co n sid e rab le  
r i s e  in the a r te r ia l  blood p re s s u re ,  which is  a t v a rian ce  with data obtained
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by Behnke and c o -a u th o rs , 1936. By and la rg e , in fo rm ation  about 
the  n a tu re  and m echan ization  of changes in re s p ira t io n  and c irc u la tio n  
d u rin g  oxygen poisoning  is  lim ited  to th is  incom plete  and c o n tro v e rs ia l  data .

R egu lar in v estig a tio n s have been m ade of r e s p ira tio n  and c a rd io v a sc u la r  
ac tiv ity  in hum an beings (Z hironkin , 1956; Sorokin, 1958), showing that 
un d er an oxygen p re s s u re  of 2 — 2.5 atm  th e re  is  a re g u la r  slow ing of the 
h e a r t  ra te , c o n s tr ic tio n  of p e r ip h e ra l blood v e s s e ls , slow ing of the c ir c u ­
la tio n  and redu c tio n  (at the beginning of the effect) of p u lm onary  ven tila tion . 
H ow ever, th is  data, understandab ly , ap p lie s  only to  the  in itia l, p reco n v u l- 
s ive p e rio d  of the toxic effect of oxygen and, th e re fo re , the dynam ics and 
m echan ism  of developm ent of r e s p ir a to ry  and c irc u la to ry  changes during  
oxygen poisoning  and con tinues, on the whole, to be inadequate ly  studied . 
T his co n stitu ted  the b a s is  fo r  m aking the co rresp o n d in g  ex p e rim en ta l 
s tu d ies .

Method

The ex p e rim en ts  w ere  p e rfo rm e d  with u re th an e  a n e s th e s ia  on dogs of 
both sex es , weighing 12 to  17 kg. One hour befo re  o p e ra tio n  a so lu tion  of 
u re th an e  w as in jec ted  in tra m u sc u la r ly  into the dogs (app rox im ate ly  tw o- 
th ird s  of the to ta l dose) and in trav en o u sly  a f te r  fixation  to  the tab le  and 
b rie f  stupefac tion  with e th e r  (the rem ain in g  o n e - th ird  of the dose). The 
to ta l dose of u re th an e  am ounted, on the av e rag e , to 1.2 g p e r  kg body 
weight. In the event of stim u la tio n  of re sp ira tio n  in dogs, 0 .5 — 1.0 m l 
of a 2 % m orph ine  so lu tion  w as in jec ted  asid e  from  the u re th an e . To 
p re v e n t blood coagu lation  in the b lo o d -p re s s u re  re c o rd in g  sy s tem , an 
in trav en o u s in jec tio n  of R ic h te r 's  h ep a rin  was given in a dose of 0.06 mg 
p e r  kg.

A fte r an es th e tiza tio n  a trach eo to m y  was p e rfo rm ed . A cannula w as 
in jec ted  into the le ft fe m o ra l a r te ry  fo r  b lo o d -p re s s u re  reco rd in g , and, 
depending on the p u rp o se  of the ex p erim en t, an approach  to the vagus 
n e rv e s , an sa  subclav ia , sp lanchnic n e rv es , o r  s u p ra re n a l g lands was m ade.

The p re p a re d  an im a ls  w ere  p laced  in a co m p ress io n  ch am b er. T h e ir 
r e s p ir a to ry  t r a c ts  w ere connected  to a valve box; connected  to its  
in s p ira to ry  valve w as a ru b b e r  bag, to which oxygen was supp lied  from  a 
tank loca ted  o u tside  the cham ber, through a connecting  p iece  and a  th ick - 
w alled  ru b b e r  tube. The e x p ira to ry  valve was connected  to a w a te r and 
gas m e te r ; the la t te r  had a ru b b e r bag com m unicating  with the a ir  
su rro u n d in g  the ch am b er through a connecting  p ipe and valve. Thus, an 
iso la te d  sy stem  was c re a te d  w hereby oxygen w as supplied  to  the an im al 
w ithout en te rin g  the a i r  f illin g  the cham ber.

In the  ch am b er th e re  w as a kym ograph fo r  re c o rd in g  re sp ira tio n , 
pu lm onary  v en tila tion  and blood p re s s u re .  The re c o rd  of r e s p ir a to ry  
m ovem en ts w as m ade by m ech an ica l tra n sm is s io n  of the r e s p ir a to ry  
ex c u rs io n s  te s t  to an Engelm ann lev e r; the b lo o d -p re s s u re  re c o rd in g  was 
m ade with an o rd in a ry  m e rc u ry  m an o m ete r. The e lec tro m ag n e tic  m a rk e r  
connected  with the gas m e te r , equipped with e le c tr ic  co n tac ts , re c o rd e d  
the pu lm onary  ven tila tio n  with an a c c u ra cy  w ithin 50 m l. In a ll the 
e x p e rim e n ts  a  re c o rd  of the e le c tro c a rd io g ra m  in th re e  s ta n d a rd  lead s 
w as m ade from  tim e  to  tim e .
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The p re s s u re  in the cham ber in a ll ex p erim en ts , with the exception  of 
th re e  co n tro ls , was in c re a se d  to 6 a tm . The m ed ica l oxygen supp lied  fo r 
the dogs' re sp ira tio n  contained no m o re  than 1 — 2% n itrogen . The 
exposu re  to in c re a se d  p re s s u re  v a ried  in acco rd an ce  with the aim  of the 
experim en t.

In a ll, 26 ex p e rim en ts  w ere p e rfo rm ed . In seven, the an im als  w ere 
exposed to the effect of high oxygen p re s s u re s  w ithout o p era tio n  on the 
nervous system ; in 11, vagotom y w as p e rfo rm ed , the an sa  subclav ia  was 
cut, o r  the h e a r t was com pletely  denerva ted  p r io r  to the effect of oxygen 
o r  during  d iffe ren t p e rio d s  of oxygen poisoning; in eight the splanchnic 
n e rv e s  w ere cut and the su p ra re n a l glands w ere  iso la ted  by the app lication  
of c ir c u la r  lig a tu re s  which se p a ra te d  them  from  the g en era l c ircu la tio n .
In a ll ex p e rim en ts  continuous o b se rv a tio n  was m ade of the developm ent of 
s igns of oxygen poisoning  in the an im als .

R esu lts  of the Investiga tions

In an im a ls  with an in tac t nervous system  under the influence of high 
oxygen p re s s u re s ,  re g u la r  and su b stan tia l changes in re s p ira tio n  and 
c ircu la tio n  o ccu r. F rom  the beginning of the effect of in c re a se d  oxygen 
p re s s u re  to death of the an im al, four p e rio d s  m ay be d istingu ished  in 
th e se  changes. They a re  il lu s tra te d  by kym ogram s p re se n te d  in F ig u re  1.

Change in pulse, blood pressure, respiration, and pulmonary ventilation in the initial period
of oxygen effect

No. of 
dog

Oxygen 
pressure 
( in atm )

Pulse
Blood pressure 

mm Hg
Respiratory rate

Pulmonary ventilation 
( in 1 /m in )

initial

at begin­
ning of 
oxygen 
effect

initial

at begin­
ning of 
oxygen 
effect

initial

at begin­
ning of 
oxygen 
effect

initial

at begin­
ning of 
oxygen 
effect

4 5.0 97 52 100 90 18 12 2.1 1.7
5 6.0 120 96 119 110 23 15 3.6 4.0
6 the same 140 116 116 112 134 44 10.1 5.4
7 " 132 93 128 120 22 18 4.8' 4.0

10 " 170 84 76 58 36 16 2.4 1.5
11 - 130 96 118 114 29 15 8.4 4.2
13 10.0 150 147 137 140 18 20 3.6 3.8
11 6.0 198 120 124 137 26 18 7.6 6.6
15 the same 168 94 96 123 36 32 7.4 5.6
16 180 132 100 102 18 16 4.5 4.2
18 174 146 96 90 54 34 6.0 3.0
19 186 156 86 86 36 23 4.2 3.4
21 - 170 124 115 127 22 16 5.4 4.6
23 " 165 150 128 125 78 18 11.5 4.0
24

"
194 116 87 76 22 20 3.4 3.3

FIGURE 1. Changes in respiration and blood pressure in dogs with an intact nervoussystem at various periodsof oxygen 
poisoning under a pressure of 6 atm (experiment of 2 February 1957; dog No. 21. m ale, weight 20 kgs.)

From top down: respiration, blood pressure, pulmonary ventilation (50 m l markings); tim e marking, one-second 
intervals. The kymograms have been recorded: a-during the period of compression while breathing oxygen (end of 
compression, 12sec after beginningoftherecord); b-17 min after; c-25m in ; d-45m in; e-55  min; f-67 min; 
g- 74 min after beginning of the procedure.
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The f i r s t ,  in itia l perio d  (F igu re  1, a) is  c h a ra c te r iz e d  by slow ing of 
the h e a r t ra te , and a reduction  in the r e s p ira to ry  ra te  and pu lm onary  
ven tila tion . No re g u la r  changes w ere  found in the blood p re s s u re ;  it 
in c re a se d  v e ry  sligh tly , d e c re a sed  som ew hat, o r  rem ain ed  p ra c tic a lly  
unchanged.

The n u m erica l data c h a ra c te r iz in g  the functional changes l is te d  a re  
shown in the tab le . Reduction of the num ber of ca rd ia c  co n trac tio n s  o c c u r­
re d  im m ed ia te ly  a f te r  b rea th in g  oxygen under p re s s u re ,  and in the 
m a jo rity  of c a se s  w as v e ry  pronounced. The h ig h er the in itia l frequency  
of the r e s p ira to ry  m ovem ents, the slow er it becam e.

The in itia l p erio d , e x p re sse d  in the changes noted in re s p ira tio n  and 
c a rd io v a sc u la r  ac tiv ity  un d er an oxygen p re s s u re  of 6 atm , was 8 — 12 min; 
under an oxygen p re s s u re  of 10 atm  th is  p e rio d  w as p ra c tic a lly  absen t.

The second p e rio d  (F ig u re  1, b) was c h a ra c te r iz e d  by stim u la tio n  of 
re sp ira tio n , in c re a se  in pu lm onary  ven tila tion  and blood p re s s u re ,  and 
som e v e ry  s ligh t in c re a se  in the h e a r t  r a te . The pu lse  e ith e r  re tu rn e d  to 
the in itia l leve l which obtained befo re  the oxygen effect, o r  even fa iled  to 
reach  it. The blood p re s s u re  of an im als  with an in tac t n ervous system  
exceeded the in itia l level by 10—50 m l in 14 ex p erim en ts; in two, it 
in c re a se d  to  the in itia l f ig u re . R e sp ira to ry  ra te  underw ent the m ost 
m ark ed  changes, i ts  in itia l g radual deepening and in c re a se  p ro g re ss in g  
s tead ily  and ending in m ark ed  dyspnea with pronounced h yperven tila tion .
The r e s p ir a to ry  ra te  in c re a se d  by 14— 15 r e s p ira to ry  m ovem ents a 
min; the pu lm onary  ven tila tion , by 4 .8 —9.6 1/m in. The m o st pronounced 
deg ree  of dyspnea o c c u rre d  in the 16th—20th m inute of action  of co m p ressed  
oxygen and co n stitu ted  a tru e  p re c u rs o r  of in itia l convulsive phenom ena — 
m ark ed  and ra p id  tw itch ing  of the lim bs, head, and la te r , of the tru n k  and 
abdom inal m u sc le s . In m ost dogs th ese  tw itchings ap p ea red  in the 20th — 
23rd m in u tes  of the effec t. They w ere  u sua lly  connected  with r e s p ira tio n  
and o c c u rre d  in the ex p ira to ry  phase . As the convulsive s igns in c re a se d  
a fu r th e r  in c re a se  in blood p re s s u re  was noted, and a t the sam e tim e  a 
secondary  p ro g re s s iv e  slow ing of the pu lse  began. A ll th is  sign ified  a 
tra n s itio n  to the th ird  p e rio d  of oxygen poisoning.

The th ird  p e rio d  (F igu re  1, c, d)* w as c h a ra c te r iz e d  by developm ent 
of typical convulsive a tta c k s  involving the e n tire  body, w ith c le a r ly  
ex p re sse d  tonic and clonic com ponents. T hereby , the blood p re s s u re  
rem ain ed  high; during  each  convulsive a ttack  it in c re a se d  co n sid e rab ly  
(30—40 mm Hg). Between the convulsive a ttack s the pu lse  was slow; during  
them  its  frequency  in c re a se d  co nsiderab ly . Subsequently, a le sse n in g  o r  
even a tem p o ra ry  c e ssa tio n  of convulsive a tta ck s  o c c u rre d , which u su a lly  
coincided with m axim um  slow ing of the h e a r t  ra te , and a ty p ica l vagus 
pu lse  re c o rd e d  on the kym ograph (F igu re  1, d). On the e le c tro c a rd io g ra m  
taken  during th is  p erio d , s in u s b ra d y ca rd ia  was noted with m ark ed  
r e s p ir a to ry  v a ria tio n s  of the R- R in te rv a ls . Of nine dogs in which an 
e le c tro c a rd io g ra m  tra c in g  was m ade during  th is  p e rio d , the slow ing of the 
h e a r t  ra te  in six  ended in the developm ent of nodal (A- V) rhythm  and in two 
in an A- V block; in one ca se  it  w as p a r t ia l  and in the o th e r, com plete . **

* In view of the fact that convulsive attacks caused a driving of the respiratory record, the latter is not 
shown. The changes in respiration may be judged by the record of pulmonary ventilation.

** Detailed electrographic data are presented in the article by P.A.Sorokin, "Changes in the Electrical 
Activity of the Hearts of Animals under the Influence of High Oxygen Pressures", included in the 
present co llection .
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The n um ber of c a rd ia c  co n trac tio n s  cam e to 24 p e r  m in . With the  o c c u r ­
re n c e  of nodal rhy thm  o r  h e a r t  block the blood p r e s s u r e  alw ays fell; 
how ever, in the m a jo r ity  of c a s e s  it  did not drop below the leve l re c o rd e d  
befo re  the influence of high oxygen p re s s u re .  Subsequently , a d e p re ss io n  
of re s p ira t io n  o c c u rre d  with p e r io d s  of apnea (F igu re  1, e; re c o rd  of 
pu lm o n ary  ven tila tion). S im ultaneously , the blood p re s s u re  again  
increased , som ew hat with an  in tac t vagal pu lse . The d u ra tion  of the th ird  
p e rio d  w as u su a lly  12 — 20 m in.

The tra n s it io n  to the fo u rth  and fin a l p e rio d  o c c u rre d  suddenly; it was 
e x p re sse d  in the fa c t th a t a ll at once, w ithout any p ro c e d u re s  by the 
e x p e rim e n te r, the slow h e a r t  ra te  w as re p la c e d  by a m ark ed  s in u s ta ch y ­
c a rd ia , accom pan ied  by a rap id  r i s e  in the blood p re s s u re  to f ig u re s  of the 
o rd e r  of 250 — 280 m m  Hg (F ig u re  1, e). The blood p re s s u re ,  which 
rem a in ed  high fo r  a c e r ta in  tim e , began to drop stead ily ; th is  drop 
continued with ta c h y c a rd ia  in c re a s in g  a t the sam e tim e , un til the a n im a l 's  
death . With the ap p earan ce  of ta ch y ca rd ia  convulsive a tta c k s  w ere  renew ed; 
now they  w ere  m ain ly  of a tonic n a tu re  (extension of the e n tire  body with 
m ark ed  ex tension  of the lim b s, and opistho tonus). E ach convulsive a ttack  
d u rin g  th is  p e rio d , a s  in the p reced in g  one, was accom pan ied  by a m ark ed  
b r ie f  rise: in blood p re s s u re  (F ig u re  1, f).

Subsequently , re s p ira tio n  becam e agonal and stopped, s im u ltan eo u sly , 
the convulsions stopped. Respiratory arrest  occurred about 1 h r  a f te r  
the beginning of the e ffec t of high oxygen p re s s u re ;  c a rd ia c  ac tiv ity  
continued fo r  an o th e r 10—20 min; the blood p re s s u re  dropped  un ifo rm ly  
and s tead ily  (F igu re  1, g). A fter r e s p ir a to ry  a r r e s t ,  when the blood 
p r e s s u r e  had dropped to the base  line and no pu lse  w aves w ere  re c o rd e d  
on the kym ogram , p re c o rd ia l  and v e n tr ic u la r  w aves w ere re c o rd e d  on the 
e le c tro c a rd io g ra m  fo r  a  c e r ta in  p e rio d . Rapid s in u s rhy thm  w as again 
re p la c e d  by slow ing and g radual d isru p tio n  of a tr io v e n tr ic u la r  conduction. 
The v e n tr ic u la r  com plexes on the e le c tro c a rd io g ra m  becam e p ro g re s s iv e ly  
slo w er and sh o rtly  a fte rw a rd s  d isap p eared  en tire ly ; only p re c o rd ia l  w aves 
rem ain ed  fo r  a b rie f  tim e , and then g rad u a lly  d isap p eared .

The p ro c e d u re s  p e rfo rm e d  on the p a ra sy m p a th e tic  and sym pathetic  
n e rv e s  and su p ra re n a l glands su b stan tia lly  a lte re d  the c a rd io v a sc u la r  and 
r e s p ir a to ry  re a c tio n s  to the effect of high oxygen p r e s s u r e s .  The c a rd io ­
g ra m s  shown in F ig u re  2 re f le c t the ty p ica l changes in c irc u la tio n  and 
re s p ira t io n  during  the developm ent of oxygen poisoning  in the an im a ls  a fte r  
p re lim in a ry  se c tio n s  of both the vagus n e rv e s  ir. the neck. In th e se  c a se s  
the re a c tio n s  c h a ra c te r is t ic  of the f i r s t  p e rio d  of oxygen poisoning  
d isap p eared : n e ith e r  a reduction  of pu lm onary  ven tila tion  n o r a slow ing 
of the pu lse  w as noted. In vagotom ized dogs th e re  was a com plete  absence  
of typ ica l changes in ca rd ia c  ac tiv ity  in the form  of b ra d y c a rd ia , and A- V 
conduction d is o rd e r s  in the th ird , convulsive p e rio d  of oxygen poisoning  
(F ig u re  2, d). D eveloping in itia lly  a f te r  vagotom y, ta c h y c a rd ia  rem ain ed  
during  the convulsive a tta c k s  and in the in te rv a ls  betw een them . The 
tra n s it io n  to  the fou rth  p e rio d  was e x p re sse d  in a sudden blood p re s s u re  
r i s e  to e x tre m e ly  high f ig u re s  (F ig u re  2, e), a g re a t in c re a se  in the h e a r t  
ra te , and in long- la s tin g  apnea. The final s tage  of oxygen poisoning  in 
vagotom ized  dogs (F ig u re  2, f, g) w as ap p ro x im ate ly  the sam e a s  in in tac t 
dogs, i. e. , b e fo re  fin a l c a rd ia c  a r r e s t  d e c re a sed  conduction o c c u rre d  
lead ing  to com plete  A- V block and ending in an in itia l d is o rd e r  of the 
v e n tr ic u la r  function. In the second p e rio d  of oxygen poisoning  dyspnea in
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FIGURE '2, Changes in respiration and blood pressure of  a v a g o to im /ed  dog at various periods of oxygen poison­
ing under a pressure of b atm ( exper iment ol -I February 1 : - 5 J o g  No. 22. male , weight l b . 3 kg)

The kymog! a ms were recorded: a -during bilateral vagotomy (the t ime of vagotomy is noted on the bottom curve);  
b- 3 mm a I t o  vagotomy under ordinary conditions; then, while breath mg o \y  get:; c - 1 7 min after beginning of  the pro­
cedure; J- l i i ia'Ki ftcr; e-  b'j :nm; f-or- min; g - i  h :u m after beginning of the procedure. Rest of key same as for Fig. 1.
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the  vago tom ized  dogs w as v e ry  m arked . The p re c u r s o r  of convu lsions and 
g en e ra l convulsive p a ro x y sm s o c c u rre d  som ew hat e a r l ie r  than in in tac t 
a n im a ls  (a fte r  12— 17 m in in s tead  of 16 — 25 min) and w ere  d is tin g u ish ed  
by th e ir  g re a te r  d eg ree . T hus, the to ta l life sp an s  of the vagotom ized  
an im a ls  u n d er cond itions of high oxygen p re s s u re  w ere sh o r te r ;  death 
o c c u rre d  10 — 20 m in  e a r l ie r  than  in in tac t an im a ls .

To a s c e r ta in  w hether th is  was the r e s u lt  of the vagotom y itse lf , we 
p e rfo rm e d  a co n tro l ex p erim en t in which the dog w as not exposed  to  the 
oxygen effect fo r  m o re  than 2 h r s  a f te r  cu tting  of the vagus n e rv e s . D uring 
th is  e n tire  p e rio d  the p u lse , r e s p ir a to ry  ra te , blood p re s s u re ,  and 
p u lm o n ary  ven tila tion  w hich had becom e e s ta b lish e d  on a new lev e l a f te r  
the  vagotom y, rem a in ed  w ithout any e s se n tia l changes.

E x p e rim en ts  w ith o p era tio n  on the sy m p a th ico ad ren a l sy s tem  showed 
th a t i t  p layed  an excep tional p a r t  in the developm ent of oxygen poisoning. 
A fte r the an sa  su b c lav ia  and sp lanchnic  n e rv e s  had been cu t and the 
su p ra re n a l g lands com plete ly  iso la ted , the blood p re s s u re  u n d er o rd in a ry  
cond itions becam e e s ta b lish e d  a t low lev e ls ; the re s p ira t io n  becam e 
ex cep tiona lly  sm ooth  and rh y th m ica l, with a som ew hat red u ced  pu lm onary  
v en tila tio n  (F ig u re  3, a, b, c).

In c re a se d  oxygen p re s s u re  of 6 atm  fo r  o v e r 2 h r s  did not g re a tly  
a ffec t re s p ira t io n  and blood c irc u la tio n  (F ig u re  3, d, e, f, g). P e r io d ic  
m o d era te  dyspnea w as noted, with in c re a se d  pu lm onary  v e n tila ­
tion, but not m o re  than 2 — 2.5 t im e s  th a t of the in titia l tim e . At the sam e 
tim e , a r t e r i a l  p r e s s u r e  in c re a se d  by 25—35 m m  of m e rc u ry  and then 
re tu rn e d  to i ts  in itia l level. S light d e c re a se  of the pu lse  (10— 15 b ea ts  
p e r  min) w as noted e ith e r  a t the beginning of the ex p e rim en t o r  during  i ts  
p e rfo rm a n c e ; the vagus pu lse  was e n tire ly  ab sen t. S pasm s w ere  com plete ly  
ab sen t o r  no ticeab le  only slig h tly  on bending of the body, during  2 o r  even 
3 h r s  of exposu re  to  p re s s u re ,  though ap p earin g  p e rio d ic a lly  to w ard  the 
end of the ex p erim en t. T here  w as no sign of phenom ena th re a te n in g  the 
life  of the an im a ls  th roughout the ex p e rim en ts . The a n im a ls  w ere 
t r a n s f e r r e d  to  a i r  re sp ira tio n  and co m p ress io n  was c a r r ie d  ou t. By s tim u la ­
ting  a t the sam e  tim e  the vagus n e rv e  by induction c u rre n t, we a s s u re d  the 
p re se n c e  of c h a ra c te r is t ic  vagal reac tio n  on the h e a r t  (F ig u re  3,h) .

T h e re fo re , the absence  of ty p ica l vagus e ffec ts  on the h e a r t  d u ring  the 
c o u rse  of oxygen poisoning  was not caused  by d isru p tio n  of the p a ra sy m p a ­
th e tic  in nerva tion  of the h e a r t  m u sc le , but by p ro c e d u re s  p e rfo rm e d  on 
the sym pathe tic  n e rv e s  and su p ra re n a l glands.

C om plete iso la tio n  of the su p ra re n a l g lands with c a rd ia c  in nerva tion  
and sp lanchnic  n e rv e s  in tac t a lso  caused  a m ark ed  change in the  c o u rse  of 
oxygen po ison ing  (F igu re  4). In th ese  c a s e s  the an im a ls  a lso  to le ra te d  
a tw o- o r  even th r e e -h o u r  effect of oxygen u n d er a p r e s s u re  of 6 atm  
w ithout show ing any c r i t ic a l  r e s p ira to ry  o r  c irc u la to ry  d is o rd e rs . A 
change in th e se  functions during  the co u rse  of th is  effec t, a s  shown by 
k ym ogram s in F ig u re  4, could not be com pared  with the re a c tio n s  of in tac t 
an im a ls  o r  w ere  s im ila r  to what o c c u rre d  in  dogs with iso la te d  su p ra re n a l 
glands, a desym path ized  h e a r t  and cut sp lanchnic  n e rv e s . It is  s ign ifican t 
th a t s im p le  iso la tio n  of the su p ra re n a l g lands a lso  led  to a co n sid e rab le  
red u c tio n  of vagal effec ts  on the h ea rt; in th e se  c a se s , both a t the beginning 
of the p ro c e d u re  and subsequently , a co m p ara tiv e ly  s lig h t slow ing of the 
h e a r t  r a te  o c c u rre d , tru e  b ra d y c a rd ia  with deep- sea ted  conduction 
d is o rd e rs  w as n ev e r noted.
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KlGUiiK >. Changes in respiration and blood pressure of dogs with 
ansa sehciavia and splanchnic nerves cut  and suprarenal glands 
isolated, under the inf luence of  increased oxygen pressure of  6 atm 
( experimeu: ol I February 1957);  dog N o . ’̂ 0, male ,  weight I t . 5 kg)

kyr ogr.ims a. b. and c vsere recorded before compression: a — with 
cutting ol me ansa, AT, b — with cutt ing of the splanchnic nerve.
ST; e -  I t m alter isolation of the suprarenal gland; d, e, f, and 
g — during the breathing of  oxygen  under pressure for 3 min; h — 19 
nun after beginning of  the procedure; f — b5 min; g — 137 mm after. 
The kymogram I; was recorded 10 min after decompression. The  
arrows indicate stimulation of the right and left intact vagus nerves 
with an induced current.
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KIGUkt 1. Changes in respiration and circulat ion in a dog with isolated suprarenal glands and 
intact splanchnic and cardiac nerves under the in f luen ce  of increased oxygen pressure ol 
(j atm (ex p er im en t  of  14 February 1957; dog No.  25, fem ale,  weight 10 kg)

Kymograms a, b, and c  were recorded before compression: a — before the procedure} b —
5 min after isolation of the suprarenal gland; c — 8 min after (a  check  on the integrity of  the 
splanchnic nerves) . The arrows indicate stimulation of  the left and right nerves by an induced  
current. Kymograms d, e, f, and h were recorded during the breathing of oxygen  under 
pressure; d — 12 min after beginning of  the procedure; e  — ^8 min after; f — 85 min; g — 
10b min;  h — 126 min after beginning of  the procedure. T h e  rest of the key is the sam e as 
for Figure 1.
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FIGURE 5. Changes In respiration and blood pressure in a dog during vagotomy, cutting of the ansa 
subclavia and splanchnic nerves in the second period of oxygen poisoning (experiment of 31 January 
1957; dog N o .19, female, weight 12.5 kgJ.

The kymograms were recorded; a — 20 min after beginning of breathing of oxygen under a pressure 
of 6 atmj b — 26 min after; c — 31 min after. VT, vagotomy; AT, cutting of the ansa; ST, 
cutting of the splanchnic nerves. The rest of the key is the same as for Figure 1.

FIGURE 6. Changes in respiration and blood pressure in a dog vagotomized in the third period of 
oxygen poisoning (experiment of 17 January 1957; dog N o .4, m ale, weight 19.6 kg)

The kymograms were recorded as follows: a — 59 min after the beginning of breathing oxygen under 
pressure of 6 atm; b — 64 min after. The arrow indicates the moment of bilateral vagotomy. The 
rest of the key is the same as for Figure 1.
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T ypical oxygen convu lsions did not develop in dogs with iso la ted  s u p ra ­
re n a l glands; re a c tio n s  w ere lim ited  to convulsive tw itch ings of the 
m a jo r ity  of m u sc le s , which o c c u rre d  u su a lly  in the second hour (F ig u re  
4, g) and w ere  subsequen tly  re p la c e d  by weak and slow tonic ep iso d es of 
body ex tension .

P ro c e d u re s  p e rfo rm e d  on v a rio u s  n e rv e s  m ade it p o ss ib le  to d e te rm in e  
th e ir  p a r t  in the developm ent of c irc u la to ry  re a c tio n s  a t v a rio u s  s ta g e s  
of oxygen poisoning. B ila te ra l vagotom y in the second p e rio d  of oxygen 
poisoning, c h a ra c te r ie e d  by in c re a se  in dyspnea and blood p re s s u re ,  
fa iled  to show any ap p rec iab le  effect (F ig u re  5, a). C utting  of a c a rd ia c  
b ranch  of the sym pathetic  n e rv e  during  th is  p erio d , co n v erse ly , had 
pronounced  a f te re ffe c ts . In th is  c a se  (F ig u re  5, b) th e re  w as an a p p re ­
c iab le  redu c tio n  of blood p re s s u re  and sim u ltan eo u sly  ca rd ia c  c o n tra c tio n s  
d e c re a se d  by 40—45 b ea ts  a m in . C utting of sp lanchn ic  n e rv e s , p e rfo rm e d  
in the sam e p e rio d  a f te r  cu tting  of the an sa  (F ig u re  5, c), cau sed  an 
add itional blood p re s s u re  reduction , but did not a ffec t the pu lse  r a te . In 
the th ird , convulsive p erio d , when m ark ed  b rad y ca rd ia  developed in the 
in te rv a l betw een convulsive p a ro x y sm s, and a t the end of th is  p e rio d  when 
b ra d y ca rd ia  reach ed  its  g re a te s t  d eg ree , the cu tting  of the vagus n e rv e s  
alw ays p roduced  s tr ik in g  e ffec ts  (F ig u re  6, a, b). A pronounced  vagal 
pu lse  with A- V conduction d is o rd e rs  was rep laced  by v e ry  m ark ed  s in u s 
ta ch y card ia ; blood p re s s u re  suddenly ro se  60 — 80 m m  Hg, in c re a se d
even further and, after remaining for a certain time at maximum  
f ig u re s , began to drop g radua lly . G enera lly , under th ese  conditions, the 
changes in c a rd io v a sc u la r  ac tiv ity  during  vagotom y v e ry  m uch re se m b le d  
those which in the in tac t an im al sign ified  a sudden tra n s it io n  to the fou rth  
and fin a l p e rio d  of oxygen poisoning. C utting the vagus n e rv e s  in the e a r ly  
p e rio d s  of the p ro c e d u re  led to a m o re  rap id  developm ent of and in c re a se  
in convulsions; a d is ru p tio n  of the sym pathetic  in nerva tion  of the h e a r t  and 
p a r t ic u la r ly  cu tting  of the sp lanchnic n e rv e s  caused  convulsive phenom ena 
to  be delayed and le ssen ed .

D iscussion  of R esu lts

The r e s u l ts  of the investiga tion  showed that during  the f i r s t  p e rio d  of 
an oxygen p re s s u re  of 6 atm , th e re  is  a re g u la r  slow ing of h e a r t  
co n trac tio n s  and re sp ira tio n , and a redu c tio n  of pu lm onary  ven tila tion . 
S im ila r  changes with low er f ig u re s  fo r  the p a r t ia l  oxygen p r e s s u r e  (1 and 
2 atm ) w ere  noted in an im als  by a num ber of au th o rs  (Anthony, 1940;
K eys, Stapp and V iolante, 1943; W hitehorn, E delm ann, and H itchcock, 
1946) as well a s  in hum an beings (Sorokin, 1958). T here  is  d ire c t data 
concern ing  the re flex  n a tu re  of th ese  functional changes, and p a r t ic u la r ly  
the ro le  of sinus and a o r tic  n e rv e s  in th e ir  o c c u rre n ce  (Bean and R ott- 
sch a ffe r , 1938; Dumke, C om roe, 1942). The r e s u l ts  of o u r e x p e rim e n ts  
with p re lim in a ry  vagotom y of an im als  show the dec is iv e  ro le  of vagus 
n e rv e s  in the developm ent of the functional changes m entioned, and lead  to 
the supposition  th a t not only e ffe ren t p a ra sy m p a th e tic  f ib e rs  (through which 
the inh ib ito ry  in fluences of the h e a r t  a re  rea lized ) but a lso  a ffe re n t n e rv e  
conducto rs from  the pu lm onary  and a o r tic  r e c e p to rs  a re  of im p o rtan ce  
h e re .
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The in itia l r e s p ira to ry  and c irc u la to ry  changes noted under the influence 
of a high p a r tia l  oxygen p re s s u re  m ust ev idently  be evaluated , in acco rdance  
with the m a jo rity  of au th o rs , a s  adaptive com pensato ry  re a c tio n s  of the 
body which slow the ra te  of t is s u e  sa tu ra tio n  with oxygen and, th e re fo re , 
delay  oxygen poisoning.

The second period  is  c h a ra c te r iz e d  by a m arked , p ro g re ss iv e ly  
in c re a s in g  dyspnea, and an in c re a se  in h e a r t ra te  and blood p re s s u re .
As ex p e rim en ts  have shown, the sym pathetic  nervous system  and s u p ra ­
ren a l glands p lay  a dec isive  p a r t  in the developm ent of th ese  reac tio n s .
The vagus n e rv es  show no effect h e re . T h e ir influence is  found again in 
the th ird , convulsive period , when b ra d y ca rd ia  develops betw een the p aro x y sm s 
and continues to p ro g re s s . The ac tual p a ro x y sm s a re  c h a ra c te r iz e d  by m arked  
changes — of s trik in g ly  sym pathetic  na tu re  — in c a rd io v a sc u la r  activ ity . T h e re ­
fo re , during th is  perio d  a d is tin c tiv e  a lte rn a tio n  of sym path icoad renal and p a ra ­
sym pathetic  re a c tio n s  o ccu r in the c irc u la to ry  sy stem , when, ag a in st the g enera l 
background of p ro g re ss iv e ly  in c re a s in g  vagal in fluences, they  a re  
te m p o ra r ily  d isrup ted , leaving a f te re ffe c ts . U nder th ese  conditions, the 
vagus n e rv e s  and a sso c ia te d  b rad y ca rd ia  p lay  a benefic ia l ro le , con tribu ting  
to an econom y of the functional r e s e rv e s  of the h e a rt, a s  o c c u rre d , fo r 
exam ple, in c a se s  of m ark ed  hypoxem ia and asphyxia. In addition , the 
sen so ry  pu lm onary  n e rv e s  included in the vagus n e rv e s  lim it the ir ra d ia tio n  
of exc ita tion  from  the re s p ir a to ry  c e n te r  to the m o to r n e rv e  c e n te r  
(V inokurov, 1952) and th e reb y  m o d era te  the convulsions, which, a s  has 
been pointed  out, a re  u sua lly  connected  with re sp ira tio n .

The benefic ia l ro le  of the vagus n e rv e s  in the co u rse  of oxygen poisoning 
is  confirm ed  d ire c tly  by the fac t th a t in vagotom ized dogs the convulsions 
o c c u rre d  m o re  quickly, w ere d istingu ished  by g re a te r  s tren g th , and the 
life sp an s w ere u sua lly  s h o r te r  u n d er the influence of high oxygen p re s s u re  
than in in tac t a n im a ls . It is  s ign ifican t tha t in the th ird  p e rio d  of oxygen 
poisoning such phenom ena a re  noted a s  nodal rhy thm  o r  p a r t ia l  o r  even 
com plete A- V block, which c lin ica lly  a re  u su a lly  co n sid e red  s igns of 
o rgan ic  ca rd ia c  pathology. H ere , th ese  ca rd ia c  rhythm  d is o rd e rs  a re  of a 
p u re ly  functional n a tu re  and d e te rm in ed  e n tire ly  by the effect of the vagus 
n e rv e s  of the h e a r t.

The fou rth  and fin a l p e rio d  is  c h a ra c te r iz e d  by a sudden and defin itive 
breakdow n of p a ra sy m p a th e tic  effec ts  on c a rd io v a sc u la r  ac tiv ity , r e p la c e ­
m ent of them  by pronounced sym pathetic  e ffec ts , which p robab ly  ind icate  
a fa ta l outcom e in oxygen poisoning.

Slowing of the pu lse  and c a rd ia c  conduction d is o rd e rs  in the agonal 
stage  of oxygen poisoning a re  ev idently  explained by a deep- sea ted  toxic 
effect of oxygen on the c a rd ia c  t is s u e s , r a th e r  than by nervous in fluences.

E x p erim en ts  with iso la tio n  of the su p ra re n a l glands and cu tting  of the 
ansa  subclav ia  and sp lanchnic  nerve  show the exceptional p a r t  p layed  by 
the sym pathic and ren a l sy s te m s  in the developm ent of oxygen poisoning.
With re sp e c t to the su p ra re n a l glands the re s u lts  of our ex p e rim en ts  w ere 
in ag reem en t with the data of G ershm an, G ilbert, Nye, P r ic e , and Fenn, 
(1955), who a lso  o b se rv ed  a postponem ent of death in m ice  with su p ra re n a l 
glands rem oved, under the influence of high oxygen p re s s u re .  The au th o rs  
connect th is  effect ch iefly  with the horm ones of the su p ra re n a l co rtex , 
which is , to a c e r ta in  d eg ree , in ag reem en t with data of Bean (1952), who 
found tha t an e s se n tia l p a r t  in the developm ent of oxygen poisoning is  
played by the ad ren o co rtico tro p ic  horm ones of the hypophysis.
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O ur data doqp not p rov ide  a b a s is  fo r  denying the p a r t  played by c o rtic a l 
h o rm o n es of the su p ra re n a l glands in the developm ent of oxygen poisoning; 
how ever, it undoubtedly in d ica tes  the exceptional s ign ificance  of the sym pa- 
th ic o a d re n a l sy s tem  under th e se  conditions. It is  e sp ec ia lly  notew orthy  
th a t in an im a ls  with the su p ra re n a ls  iso la ted  and the sp lanchn ic  n e rv e s  and 
sym pathetic  t r a c t s  to the h e a r t  cut, but with the vagus n e rv e s  in tac t, th e re  
w ere  no p a ra sy m p a th e tic  in fluences on the h e a r t  c h a ra c te r is t ic  of in tac t 
an im a ls  during  the co u rse  of oxygen poisoning. H ence, it follow s th a t in 
acu te  oxygen poisoning  the p a ra sy m p a th e tic  e ffec ts  on the h e a r t  a r e  re a liz e d  
only with p re se rv a tio n  of the function of the sy m p ath ico ad ren al sy s tem . 
T h e re fo re , v e ry  unique re la tio n sh ip s  a re  c rea ted : on the one hand, the 
sy m p a th ico ad ren al sy stem  d e te rm in e s , to a co n sid e rab le  d eg ree , a ll the 
basic  m an ife s ta tio n s  of the toxic effect of high oxygen p r e s s u r e  and 
e lim in a te s , so to speak, the p ro tec tiv e  c a rd io v a sc u la r  re a c tio n s  of a 
p a ra sy m p a th e tic  n a tu re ; on the o th e r hand, it is  n e c e s s a ry  fo r  the m a n i­
fe s ta tio n  of th e se  p ro te c tiv e  re a c tio n s .

C onclusions

1. D uring acu te  oxygen poisoning  fo u r p e rio d s  should be d istingu ished  
in an es th e tized  an im a ls  (dogs):

a. The f i r s t ,  in itia l p erio d , c h a ra c te r iz e d  by reduction  of pu lm o n ary  
ven tila tio n  and slow ing of c a rd ia c  ac tiv ity , is  the p e rio d  of adaptive 
re a c tio n s  of the body. The vagus n e rv e s  p lay  the m ain  p a r t  in th e se  
p ro te c tiv e  re a c tio n s .

b. The second, p reco n v u ls iv e  p e rio d , e x p re sse d  in h y p erv en tila tion , 
ta ch y ca rd ia , and an in c re a se  in the a r te r ia l  blood p re s s u re ,  r e f le c ts  a 
m ark ed  stim u la tio n  of the sy m p ath ico ad ren al sy s te m s . T hese re a c tio n s  
a re  unfavorab le  and a c c e le ra te  the developm ent of oxygen poisoning.

c. The th ird , convulsive p e rio d  is  c h a ra c te r iz e d  by g radual slow ing of 
the h e a r t  ra te , which during  the convulsive a tta ck s  is  re p la c e d  by tach y ­
c a rd ia  with an add itional p r e s s o r  effect. At the end of th is  p e rio d , ag a in st 
the  background of r e s p ir a to ry  d ep re ss io n , th e re  is  a p redom inance  of 
p a ra sy m p a th e tic  e ffec ts  on the h e a r t  which lead  to b rad y ca rd ia , nodal 
rhy thm  o r  h e a r t  block. T hese  se r io u s  d is o rd e rs  of c a rd ia c  rhy thm  a re  
re v e rs ib le  and d isap p ea r a f te r  vagotom y.

d. The fourth , te rm in a l p e rio d  is  c h a ra c te r iz e d  by a sudden re p la c e m en t 
of p a ra sy m p a th e tic  by sym pathetic  re a c tio n s , which is  e x p re sse d  in a v e ry  
m ark ed  and rap id  r i s e  in blood p re s s u re  and in c re a se  in the h e a r t  ra te  
(sinus ta c h y c a rd ia ) . A fte r r e s p ir a to ry  a r r e s t  the blood p re s s u re  s tead ily  
d ro p s, but c a rd ia c  ac tiv ity  is  m ain ta ined . The b ra d y ca rd ia  and h e a r t  block 
which o ccu r tow ard  the end of the p e rio d  a re  not e lim in a ted  by vagotom y.

2. P re l im in a ry  sec tio n  of the vagus n e rv e s  e lim in a te s  the slow ing of
the h e a r t  ra te  in the f i r s t  and th ird  p e rio d s  of oxygen poisoning, a c c e le ra te s  
the o c c u rre n c e  of convulsive p a ro x y sm s, and sh o rten s  the liv e s  of the 
an im a ls  when c o m p re sse d  oxygen is  used.

3. P re l im in a ry  iso la tio n  of the su p ra re n a l g lands p ro longs co n sid e rab ly  
the life sp an s  of the an im a ls  and under an oxygen a tm o sp h ere , with 
p r e s s u r e  of 6 atm  it de lays and le s se n s  the developm ent of convulsive
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phenom ena. A s im ila r  but even m o re  pronounced effect i f  ex e rted  when 
th is  p ro ced u re  is  com bined with cu tting  the splanchnic n e rv e s , which 
r e s u lts  in e lim ination  of ex cess iv e  ex cita tion  of the sym path icoad renal 
sy stem , in c re a se  in the deposition  of blood and reduction  of the blood 
supply of the body tis su e , a s  well a s  a reduction  of oxidation p ro c e s s e s .

4. A fter iso la tion  of the su p ra re n a l g lands, and cu tting  of the 
sp lanchnic  and ca rd iac  sym pathetic  n e rv e s  in an im als  during  oxygen 
poisoning, no c a rd ia c  p a ra sy m p a th e tic  re a c tio n s  c h a ra c te r is t ic  of the 
in tac t o rgan ism  developed, d esp ite  the in teg rity  of the vagus n e rv es .
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M. A. G roshikov and P. A. Sorokin

PATHOLOGICAL CHANGES IN THE LUNGS OF ANIMALS UNDER THE 
INFLUENCE OF HIGH OXYGEN PRESSURES

(O patom orfo logichesk ikh  izm eneniyakh v legkikh u zhivotnykh p r i  de is tv ii 
vysokikh davlenii k islo roda)

It is  w ell known tha t in c re a se d  oxygen p re s s u re s  e x e r t a toxic effect on 
the body. The s tu d ies  of a num ber of au th o rs  have shown that in an im als  
which died a f te r  exposu re  to the oxygen effect under o rd in a ry  p re s s u re ,  
pu lm onary  involvem ent was p r im a ry , taking the form  of a te le c ta s e s  of 
d iffe ren t s iz e s  and d e g re e s , hyposta tic  congestion , edem a, h em o rrh ag es  
and in flam m ato ry  changes (Smith, 1899; A chard, B inet, and Leblanc,
1927; B inet, Bochet, and B r isk ie r , 1939; Kaunitz, 1942; and o th e rs) .
At the sam e tim e , hyposta tic  congestion  has been found in o th e r in te rn a l 
o rg an s  (heart, l iv e r , sp leen, kidneys, su p ra re n a l g lands, and in tes tin es).

The patho log ica l changes in the lungs a re  u sua lly  dem o n strab le  only 
a f te r  the end of a c e r ta in  p e rio d  a f te r  the beginning of the oxygen effect. 
K a rsn e r (1916) found hyposta tic  congestion  of the lungs in ra b b its  24 h rs  
a f te r  the beginning of th e ir  s tay  in an a tm o sp h ere  of 80—90% oxygen, an 
in flam m ato ry  re a c tio n  in the b ronch ia l tubes a f te r  48 h rs , and signs of 
bronchopneum onia a f te r  72 h rs .

Grognot and Chome (1955), in ex p erim en ts  with guinea p igs, o b serv ed  
a cloudy sw elling  of a lv eo la r c e lls  and a change in th e ir  s tru c tu re  betw een 
3 and 6 h r s  a f te r  the an im a ls  had f i r s t  been p laced  in an a tm o sp h ere  of 
oxygen. B eginning with th is  tim e , the phenom ena extended to a ll lobes in 
the lungs. A ccord ing  to th e ir  data, th is  reac tio n  is  re v e rs ib le  and 
disappears after about 24 hrs.

U nder the influence of h ig h er oxygen p re s s u re  (over 3 atm ) the an im als  
showed s im ila r  patho log ical changes in the lungs (B ronste in  and Stroink,
1912; Dionesov, K ravch insk ii, and P rik lad o v itsk ii, 1934), but le s s  
pu lm onary  involvem ent w as noted than a f te r  the influence of oxygen under 
o rd in a ry  p re s s u re .  T hese au th o rs  a ttr ib u te  th is  to the fac t that under high 
oxygen p re s s u re s  the an im als  die m o re  quickly, and no pronounced 
changes can develop in the lung tis su e .

P icho tka  and Kuhn (1947) em phasize  tha t in guinea p igs and ra b b its  which 
die a s  the re s u lt  of the oxygen effect under o rd in a ry  p re s s u re ,  a pathological 
p ic tu re  is  o b serv ed  c h a ra c te r is t ic  of hypoxem ia (focal n e c ro s is  in the h e a r t  
m u sc le , changes in the p e r ip h e ry  of the hepatic  lobules with c e n tra l 
vacuolation  of them  and fa tty  degeneration), w h ereas  such changes a re  not 
found in an im als  exposed to the effect of high oxygen p re s s u re  (3 .5—5.8 atm ).

With re sp e c t to the o rig in  of pu lm onary  involvem ent in oxygen poisoning, 
various opinions have been ex p re sse d . M ost au th o rs  be lieve tha t pathological
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changes :in the lungs a re  caused  by the i r r i ta t in g  effect of oxygen on the 
r e s p ira to ry  t r a c t  and pu lm onary  a lveo li (Smith, 1889; Bean, 1945; and 
o th e rs ) .

O hlsson  (1947), on the b a s is  of h is  s tu d ies , concluded th a t pu lm onary  
involvem ent under cond itions of b rea th in g  oxygen does not o c c u r  on the 
" a ir "  s ide , because  of the i r r i ta t in g  e ffec t of oxygen, but on the "blood" 
s ide , as  the r e s u l t  of in ju ry  to the c a p illa ry  w all by in c re a se d  c o n c e n tra ­
tio n s of carbon  dioxide, the tr a n s p o r t  of which, a s  is  well known, is  
d is tu rb ed  u n d er cond itions of hyperox ia .

I. A. Sapov (1953) a sc r ib e d  im p o rtan ce  to  n e rv e  re flex  in fluences in the 
developm ent of pu lm onary  le s io n s  under a c o m p re sse d  oxygen effec t. He 
showed th a t b i la te ra l  block o r  sec tio n  of the vagus n e rv e  in c re a s e s  
pu lm onary  involvem ent, w h ereas  cu tting  the  p o s te r io r  ro o ts  of C 6 — 7 to 
D 4 —5, den erv a tio n  of the c a ro tid  s in u s and a o r tic  reg io n s  o r  a tro p in iz a -  
tion  c o n sid e rab ly  le s s e n s  o r  p re v e n ts  developm ent of the patho log ica l 
p ro c e s s  in the lungs.

It is  ev ident fro m  the data p re se n te d  th a t th e re  a re  only s c a tte re d  
r e p o r ts  in the l i te r a tu r e  dealing  with the study of p a tho log ica l c h a r a c te r is ­
t ic s  in acu te  oxygen poisoning, and to date th e re  is no a g reem en t a s  to  the 
m echan ism  of pu lm o n ary  involvem ent under the influence of in c re a se d  
oxygen p r e s s u r e s .  T h is fac t w as the b a s is  fo r  the p re s e n t study.

M ethod

The f i r s t  s e r ie s  of o b se rv a tio n s  was m ade on 12 guinea p ig s  exposed  to 
the effect of oxygen un d er a p r e s s u re  of 5.5 a tm . To exclude vagal e ffec ts , 
six anim sils w ere f i r s t  in jec ted  subcu taneously  with a tro p in e  in a dose of 
1 m g p e r  kg. Two guinea p ig s  w ere  u sed  a s  c o n tro ls .

The ex p e rim en ts  w ere  p e rfo rm e d  in a s te e l ch am b er w ith a cap ac ity  of 
65 1. In o rd e r  to  rem ove e x cess  carbon  dioxide, the ch am b er w as 
ven tila ted  e v e ry  half hour fo r  4 —5 m in, and supplied  with gauze bags filled  
with soda lim e . In d iffe ren t ex p e rim en ts  the carbon  dioxide conten t of the 
ch am b er ranged  from  0 .05—0.2%; the oxygen content, from  92—96%; 
the n itro g en  conten t, from  4 — 8%.

The second  s e r ie s  of ex p e rim en ts  w as p e rfo rm e d  on dogs a n es th e tized  
with u re th an e . The oxygen supplied  to the cham ber fo r  the an im al 
contained 1 — 2% n itro g en . Of 15 dogs, one w as exposed to the effect of 
oxygen a t o rd in a ry  p re s s u re ;  the o th e rs , a t a p r e s s u re  of 6 a tm . Nine dogs 
died from  the effect of co m p re sse d  oxygen. The o th e rs  w ere  k illed  with 
gas em bolism  o r  an e le c tr ic  c u rre n t.

The an im als  w ere d is se c te d  20— 60 m in a f te r  death. A h is to lo g ica l 
study was; m ade of the lungs, h e a r t, l iv e r , sp leen , k idneys, in te s tin e s , 
and in a num ber of c a se s , the b ra in . P re p a ra tio n s  w ere  s ta in ed  with 
hem atoxylin  and eo sin  by the van G iesson  m ethod; in addition , the h e a r t 
m u sc le  w as s ta in ed  w ith H eidenhain 's  iro n  hem atoxylin .
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Results of the Investigation

In the f irst s er ie s  of experiments, dissection of guinea pigs which died 
of acute oxygen poisoning revealed prim arily the pulmonary involvement. 
External examination showed bluish-purple  and somewhat collapsed areas  
of atelectases, usually multiple, and most often located along the lung 
margins, chiefly in its posterior portions. On section they were either 
superficial or penetrated more deeply into the lung tissue, not uncommonly 
including considerable sections of one lobe or another. The lungs were

FIGURE 1. Guinea pig N o .2 h .  Experiment of  24 Decem ber  lh 5 c .  A t e le c ­
tasis of lung tissues with edem a and the appearance ol red blood ce l l s  in the 
alveoli  as well as areas of eosinophilic infiltration (dark a ccum ula t ions) .  
Magnificat ion b;) *

FIGURE Guinea pig No. :M, Experiment of l ' 1 D ecem ber lh5(>. T h ic k e n ­
ing ol the alveolar septa m connection with edem a and overfi ll in g  ol the 
capil laries wuh blood. .Magnification ■
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FIGURE 3. Guinea pig N o .23. Experiment of 17 December 1956. Boundary 
between the atelectatic area and the emphysematous portion of the lung. 
Magnification SO x

always congested. Pronounced edema in them was noted in only one case. 
The cardiac chambers of the right side and that of the left atrium were 
usually dilated and overfil led with blood, whereas the left ventricles were 
not uncommonly contracted. The coronary blood v e s s e ls  of the heart were 
dilated and congested. Sometim es, occasional small subepicardial hemor­
rhages were found, usually in the area of the right coronary sinus. As a 
rule, the abdominal organs were congested, particularly the liver.

Histological changes in the lungs were characterized by marked venous 
and capillary dilatation and congestion, particularly in areas of atelectasis  
(Figure 1). In some places the small arteries were dilated, and in others  
they were constricted. Around the blood vesse ls  (arteries  and veins) edema

FIGURE 4 . Guinea pig No. 32. Experiment of 3 January 1957.  The animal  
was first atropinized (dose  of 1 mg per kg) . Pulmonary ed em a .  Magnifi ­
cation 80 x
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FIGURES.  Guinea  pig N c . R - .  Exper iment  ol . 1 j r\ 1' . )  . Ebon a .uinuu: 
markedly d i l a t ed and conges t ed  puin : onar \  vein m the midst  oi an ute icct atn.  
a r ea .  Magiul  icat ion bd -■

w as  found .  Th e  w a l l s  of  t he  a l v e o l i  w e r e  u s u a l l y  t h i c k e n e d  b e c a u s e  of 
e d e m a  and  o v e r f i l l i n g  of  the  c a p i l l a r i e s  wi th  b lood  ( f i g u r e  2). Th e  l u m i n a  
of the a lv e o l i  not  u n c o m m o n l y  w e r e  f i l l ed  wi th a s e r o u s  f l u id  a d m i x e d  wi th  
e r y t h r o c y t e s .  In the  i n t e r a l v e o l a r  and  p e r i b r o n c h i a l  t i s s u e s  a c c u m u l a t i o n s  
of e o s i n o p h i l s  f r e q u e n t l y  w e r e  found to a g r e a t e r  o r  l e s s e r  d e g r e e .  S e c t i o n s  
of m o r e  o r  l e s s  p r o n o u n c e d  a t e l e c t a s i s  a l t e r n a t e d  wi th  a r e a s  of e m p h y s e ­
m a t o u s  a l v e o l i  ( f i g u r e  3). Th e  a r e a s  of a t e l e c t a s i s  w e r e  l o c a t e d  bo th  
s u h p l e u r a l l y  and  in the  d e p t h s  of  t h e  l ung  t i s s u e .  In v a r i o u s  c a s e s ,  t h e r e  
wa s  a s m a l l  q u an t i t y  of m u c u s  in t h e  b r o n c h i a l  l u m e n .

FIGURE*.  I'Okj. No.  VM. Exper i ment  ol b l J anuar y  1 «»:j7 . Perivatcuiar  
e d e n m wm.  i i emorruages  in me  brain t i ssue.  Magn i f i ca t i on  no x
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In the h e a r t  m u sc le  c a p illa ry  d ila ta tion  was noted with o ccas io n a l sm a ll 
h e m o rrh a g e s  in the in te rm u sc u la r  t is su e . In the liv e r , kidneys and sp leen  
the p ic tu re  of pronounced  hyposta tic  congestion  w as o b se rv ed . In guinea 
p ig s  which had f i r s t  been a tro p in ized , a r e a s  of a te le c ta s is  w ere noted in 
the lungs, with congestion  of pu lm onary  v e s se ls , and edem a in the a lveo li 
(F ig u re  4) and p e r iv a s c u la r  connective tis s u e  (F ig u re  5). In th re e  an im als  
no eosinoph ilic  in f iltra tio n  w as found in the lungs.

In a num ber of ex p e rim en ts  guinea p ig s  which had su rv iv ed  ex p o su re  to 
c o m p re sse d  oxygen, subsequen tly  (a fte r  24 h r s  o r  s e v e ra l days) died of 
s e v e re  bronchopneum onia. In one of the guinea p igs the acu te  pneum onia 
developing a f te r  the ac tion  of c o m p re sse d  oxygen did not d isa p p e a r but 
changed into the ch ron ic  fo rm .

In the second s e r ie s  of ex p e rim en ts  m orpho log ica l changes w ere  studied  
in 15 dogs. In the five co n tro l an im a ls , no o p e ra tio n s  w ere  p e rfo rm e d  
e ith e r  on the n erv o u s system  o r  on the  s u p ra re n a l gland. Of th is  group, 
th re e  dogs died of acu te  oxygen poisoning, the o th e r  two, exposed to the 
ac tion  of c o m p re sse d  oxygen fo r  35—36 m in, rem a in ed  a liv e  and w ere  
k illed  a f te r  d eco m p ressio n .

F o r  the p u rp o se  of c h a ra c te r iz in g  patho log ica l changes in the an im als  
of th is  group, au topsy  and h is to lo g ica l data  a re  p re se n te d  on dog No. 23, 
which d ied  in the 64th m inute of inhala tion  of oxygen under a p r e s s u r e  of 
6 a tm .

On opening into the  lungs, m any cyanotic a r e a s  of a te le c ta s is  w ere 
noted ch iefly  in  the p o s te r io r  p o rtio n s , not only in the m a rg in a l p o rtio n s  of 
the lobes but a lso  in a r e a s  n e a r  the ro o ts . In the tis s u e  of the a n te r io r  
m ed iastin u m , m u ltip le  sm a ll h em o rrh a g e s  w ere  seen; in the ep icard iu m , 
s c a tte re d  puncta te  h em o rrh a g e s . The a tr ia  and r ig h t v e n tr ic le  of the 
h e a r t  w ere m ark ed ly  d ila ted  and o v e rfille d  with blood. In the liv e r , 
k idneys, sp leen , m e se n te r ic  blood v e s s e ls  and p ia  m a te r , hyposta tic  
congestion  w as o b served .

H isto log ica lly , in the lungs ex tensive  a re a s  of a te le c ta s is  w ere  found, 
in which th e re  w ere  sm a ll g roups of em physem atous a lveo li. A ll blood 
v e s s e ls  and c a p il la r ie s  w ere co n sid e rab ly  d ila ted  and congested . P e r i ­
v a sc u la r  edem a and e ry th ro c y te s  w ere  noted in the co llap sed  a lv e o la r  
sp a c e s . In the sm a ll b ronch i the lum en was n arro w ed , and th e ir  m ucosa  
w as co llec ted  in the  fo rm  of ta l l  fo lds. T h ere  was m ucus in the  b ron ch ia l 
tu b es. In the m yocard ium  a s  well a s  in the l iv e r , k idneys and sp leen  
pronounced  d ila ta tio n  and congestion  of the blood v e s se ls  w as found. In 
the  b ra in  th e re  w ere  m o d e ra te  s igns of hyposta tic  congestion  of the p ia  
m a te r  and b ra in  t is s u e  with sligh t p e r iv a sc u la r  edem a and sm a ll h e m o r­
rh a g e s  (F ig u re  6).

S im ila r  changes w ere  o b se rv ed  in o th e r  an im a ls  of th is  group, and 
th e reb y  the p u lm onary  involvem ent in them  w as a lso  d is tin c t.

The second group w as m ade up of fou r dogs whose vagus n e rv e s  w ere 
cut — in two, during  inhalation  of c o m p re sse d  oxygen, and in two, 
b efo re  the  oxygen effec t.

As an exam ple g ro s s  and m ic ro sco p ic  au topsy  findings a re  given fo r  dog 
No. 22, w hich w as vagotom ized  b efo re  the ex p erim en t and died  87 m in  
a f te r  the beginning of the c o m p re sse d  oxygen effect.

On au topsy , sm a ll a r e a s  of a te le c ta s is  w ere  found in the p o s te r io r  lobes 
of the lungs (one on the r ig h t and two on the left). In the ep icard iu m
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occasio n a l punctate  h e m o rrh a g e s  w ere found. The ch am b ers  of the rig h t 
h e a r t  and le ft a tr iu m  w ere  d ila ted  and filled  with blood; the left v en tr ic le  
was co n trac ted . In the liv e r , lungs, sp leen  and in tes tin e  th e re  was 
pronounced venous congestion . H isto log ically , sm a ll a r e a s  of a te le c ta s is  
w ere  noted in the lung t is su e . The veins and c a p illa r ie s  w ere  d ila ted  and 
filled  with blood. A round the la rg e  blood v e s s e ls  th e re  was edem a of the 
a re o la r  connective tis su e . In the m yocard ium , liv e r , kidneys and spleen, 
hyposta tic  congestion  w as found.

T h ere fo re , in th is  dog, a s  in the second one, exposure  to the effect of 
c o m p re sse d  oxygen fo r  31 m in, re su lte d  in le s s  pronounced a te le c ta s is  than 
in an im als  of the con tro l group.

In the o th e r two dogs of th is  group, the vagus n e rv e s  in the neck w ere 
cut during the perio d  of developm ent of oxygen convulsions. At autopsy 
and on h is to lo g ica l exam ination  a m o re  m ark ed  congestion  of the lungs and 
pu lm onary  edem a w ere  found than in the co n tro l an im a ls . In th ese  c a se s , 
the  m o re  ac tive  pu lm onary  involvem ent was not connected  with the dura tion  
of ac tion  of co m p ressed  oxygen, since  the exposu re  tim e  (in one dog 46 min; 
in the o th e r, 66 min) did not exceed  o r  w as even s h o r te r  than in an im als  of 
the con tro l group.

The th ird  group was m ade up of five dogs, in which p r io r  to the ac tio n  of 
co m p ressed  oxygen the su p ra re n a l g lands w ere iso la ted  by app lica tion  of a 
c i r c u la r  lig a tu re , which d isconnected  th e ir  c irc u la tio n  from  the g en era l 
c ircu la tio n . In addition , in two dogs the an sa  subclav ia  and both sp lanchnic 
n e rv e s  w ere cut; in one dog, only the le ft sp lanchnic  nerve .

The r e s u l ts  of the in v estig a tio n s showed tha t pu lm onary  involvem ent in 
th e se  an im a ls  w as v e ry  sligh t, w h ereas  hyposta tic  congestion  in the 
abdom inal o rg an s  w as g re a te r  than in dogs of the con tro l group. T his was 
p a r t ic u la r ly  no ticeab le  in c a se s  w here iso la tio n  of the su p ra re n a l glands 
w as com bined with b ila te ra l  o r  u n ila te ra l sec tio n  of the sp lanchnic  n e rv es .

As an exam ple b r ie f  au topsy  and h isto log ica l data a re  p re se n te d  on the 
dog in which the su p ra re n a l g lands w ere iso la ted  and the ansa  subclav ia  
and splanchnic n e rv e s  w ere cut. The dog died a f te r  the 3 hour effect of 
co m p ressed  oxygen.

At autopsy the p o s te r io r  lobes of the lungs w ere m o d e ra te ly  congested  
with sm all a r e a s  of p e r ip h e ra l a te le c ta s is ; the a n te r io r  and m iddle lobes 
w ere  not abnorm al. T h e re  w as pronounced hypostatic  congestion  in the 
abdom inal o rg an s.

H isto log ica l exam ination  rev e a le d  sm a ll, ch iefly  su b p leu ra l a re a s  of 
a te le c ta s is  in te rm in g led  with a re a s  of d ila ted  a lveo li. The pu lm onary  
blood v e sse ls , p a r tic u la r ly  the c a p illa r ie s , w ere d ila ted  and congested , 
ch iefly  a t the s ite s  of a te le c ta s is . T here  w as edem a around  the la rg e  
blood v e s se ls . In p laces , sm a ll a r e a s  of lung tis su e  w ere  encoun tered  
with edem a and h em o rrh ag es  into the a lv e o la r  lum ina. M arked hyposta tic  
congestion  w as o b se rv ed  in the sp leen , liv e r , k idneys, and m yocard ium .

S im ila r patho log ical changes w ere  found in the o th e r an im a ls  of th is  
group. The co m p ara tiv e ly  s ligh t involvem ent of the lungs, desp ite  the 
fac t th a t exposure  to high oxygen p r e s s u r e s  was app rox im ate ly  2 — 3 tim es  
lo n g er than with con tro l an im a ls , is  s trik in g .
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D iscu ssio n  of R esu lts

The r e s u l ts  of au topsy  and h is to lo g ica l exam ination  of the in te rn a l 
o rg a n s  of guinea p ig s  and dogs exposed  to  the e ffec ts  of high oxygen 
p r e s s u r e s  showed th a t in both types of an im a ls  pa tho log ica l changes of a 
s im ila r  n a tu re  a r e  found. In dogs, in c o n tra s t  to guinea p ig s , the con­
gestion  of the p u lm o n ary  blood v e s s e ls  was m o re  p ronounced , and th e re  
w as no eosinoph ilic  in filtra tio n  of the a lv e o la r  sep ta  o r  p e rib ro n c h ia l 
tis su e .

The patho log ica l changes which we found a re  s im ila r  in n a tu re  to  those  
d e sc r ib e d  in an im a ls  exposed to the long- te rm  effec t of oxygen under 
o rd in a ry  b a ro m e tr ic  p r e s s u re .  They d iffe r from  the la t te r  in th a t the 
lungs a re  le s s  in ten se ly  involved and show no a p p rec iab le  in flam m ato ry  
re a c tio n . H ow ever, th is  fac t does not exclude the p o ss ib ility  of pneum onia 
developing from  the long- te rm  effect of high oxygen p re s s u re .

In guinea p ig s  which had f i r s t  been a tro p in ized , eosinoph ilic  in f iltra tio n  
in the  lungs is  en coun tered  le s s  often. The som ew hat l e s s e r  in te n s ity  of 
p u lm onary  involvem ent in  som e of them  does not go beyond the l im its  of 
ind iv idual v a r ia tio n s  which a re  found in  the  group of co n tro l a n im a ls . O th er 
a u th o rs  (G rognot and Chom e, 1955, and o th e rs )  have a lso  no ticed  such 
individual c h a ra c te r is t ic s  in the developm ent of pa tho log ica l re a c tio n s  to 
oxygen in  the sam e  sp e c ie s  of an im al.

In vagotom ized  dogs exposed  to the e ffec t of high oxygen p r e s s u r e s ,  a 
defin ite  red u c tio n  of p a tho log ica l changes in the lungs is  noted (2 e x p e r i­
m en ts), w h ereas  in e x p e rim e n ts  on guinea p igs p re lim in a ry  a tro p in iza tio n  
had no e ffec t on the  c o u rse  of the patho log ica l p ro c e s s  in the lungs. F rom  
th is  da ta  it  fo llow s th a t it is  not so m uch the se n so ry  inn erv a tio n  of the 
lungs a s  the e ffec t on the  vagal f ib e rs  which is  s ign ifican t in the developm ent 
of pu lm onary  le s io n  in acu te  oxygen poisoning.

T his a g re e s  with s tu d ie s  m ade by Bykov, R ikk l', C hern igovsk ii, 
and P otapova (1943), who showed th a t a f te r  cu tting  the vagus 
n e rv e s  in the necks of ra b b its , a d re n a lin -  induced p u lm o n ary  edem a does 
not o c c u r o r , if [in excep tional c a se s ]  the an im al does die of p u lm onary  
edem a, it  develops la te r  and is  le s s  pronounced  than  in in tac t a n im a ls . 
P re l im in a ry  a tro p in iza tio n  of the ra b b its  does not e x e r t a fav o rab le  e ffec t 
in th is  c a se .

In o u r e x p e rim e n ts  the g re a te s t  e ffect on the co u rse  of acu te  oxygen 
poison ing  and the re su ltin g  patho log ica l changes is  e x e rte d  by iso la tio n  of 
the su p ra re n a l g lands, p a r t ic u la r ly  when com bined with cu tting  the 
sp lanchnic  n e rv e s . In a ll an im a ls  in which th is  w as done, f i r s t  of a ll, 
s lig h t involvem ent of the  lungs is  found, desp ite  the  fa c t th a t ex p o su re  to 
the  e ffec t of high oxygen p r e s s u r e s  is  2 —3 tim e s  longer than th a t of the 
co n tro l an im als; secondly , the life sp an s  of th e se  an im a ls  u n d er cond itions 
of c o m p re sse d  oxygen a r e  lo n g er than th o se  of the co n tro l a n im a ls .

The data  ob tained  a t te s ts  to the s ign ificance  of h u m o ra l fa c to r s  in  the 
developm ent of pu lm onary  le s io n s  in acu te  oxygen poisoning. Of im p o rtan ce  
in th is  connection  a re  the s tu d ie s  m ade by Tonkikh (1044) d ea ling  with 
d e te rm in a tio n  of the o rig in  of pneum onias when the s u p e r io r  c e rv ic a l 
sym pathetic  gang lia  a re  stim u la ted . It h as  been d e te rm in ed  th a t pa tho log ica l 
in fluences on th e  lungs a re  re a liz e d  not only through the n erv o u s sy stem  
but a lso  th rough  p a r tic ip a tio n  of h um ora l fa c to rs . The sig n ifican ce  of the
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la t te r  is  evident, f i r s t  of a ll, from  ex p e rim en ts  on hypophysectom ized 
an im als , in which, follow ing s tim u la tion  of the su p e r io r  c e rv ic a l sym pa­
the tic  ganglia no pneum onia develops (M oiseev and Tonkikh, 1945); and 
secondly, by c r o s s -  c ircu la tio n  ex p e rim en ts , in which stim u la tio n  of the 
n eu ra l s tru c tu re s  of one dog led to the developm ent of pneum onia not only 
in it but a lso  in the o th e r dog (B ekauri, Tonkikh, and Shenger, 1946).

T here  is  rea so n  to believe th a t the neu rohum ora l m echan ism  of 
developm ent of pu lm onary  le s io n s  a lso  tak es  p lace  in acu te  oxygen poisoning. 
T his is  a tte s te d  to by the o b se rv a tio n s  of a num ber of au th o rs  a s  well as 
our own ex p erim en ts  with iso la tio n s  of the su p ra re n a l g lands.

Bean (1952) showed tha t p re lim in a ry  rem o v a l of the hypophysis in m ice 
exposed to the rep ea ted  e ffec ts  of high oxygen p r e s s u r e s  (5 — 6 atm ) is  
accom panied by a le s s  pronounced pu lm onary  involvem ent than in the 
con tro l an im als . The e ffec t is  e lim in a ted  by the in jec tion  of a d re n o c o rtico ­
tro p ic  horm one (ACTH) into the hypophysectom ized an im als .

G ran d p ie rre  and G rognot (1954) o b se rv ed  tha t the ad m in is tra tio n  of 
ACTH o r  e x tra c ts  from  the su p ra re n a l c o rtex  in c re a se s  the in ten sity  of 
pu lm onary  involvem ent under the influence of oxygen.

G ershm an , G ilbert, Nye, P r ic e , and Fenn (1955) have shown tha t a f te r  
rem o v a l of the su p ra re n a l g lands in m ice , the le tha l e ffect of high oxygen 
p re s s u r e s  is  delayed. A ccord ing  to th e ir  data, a m o re  fav o rab le  effect 
is  ex e rted  by com plete  rem o v al of the su p ra re n a l g lands than by dem edu lla- 
tion  of them . The e ffec tiv en ess  of rem o v a l of the su p ra re n a l g lands is  
co n sid e rab ly  reduced  by the in jec tion  of ep inephrine, and is  com plete ly  
e lim ina ted  by the ad m in is tra tio n  of co rtiso n e  o r  an e x tra c t of the 
su p ra re n a l co rtex .

The above data  p e rm its  us to  a ssu m e  tha t the effect of high oxygen 
p r e s s u r e s  is  accom panied  by ex cess iv e  s tim u la tion  of the hypophyseal- 
su p ra re n a l c o r tic a l sy s tem . That iso la tion  of the su p ra re n a l glands 
favo rab ly  effec ts  developm ent of pa thological pu lm onary  changes and 
in c re a s e s  the life sp an s  of th ese  an im als  under conditions of co m p re sse d  
oxygen is  p robab ly  explained by the fac t tha t in th e se  c a s e s  the ad re n o ­
co rtico tro p ic  re a c tio n  is  not rea lized .

When iso la tio n  of the su p ra re n a l g lands is  com bined with cu tting  of the 
splanchnic n e rv e s , the  in ten sity  of pu lm onary  involvem ent from  the effect 
of high oxygen p r e s s u r e s  is  p a r tic u la r ly  sligh t. T his, apparen tly , is  
a sso c ia te d  with the fac t tha t the p ro ced u re  on the sp lanchnic n e rv e s  leads 
to congestion  of the abdom inal o rg an s . The co n sid e rab le  redu c tio n  in the 
quantity  of c irc u la tin g  blood c a u se s  a reduction  of pu lm onary  s ta s is  and 
edem a.

C onclusions

1. P atho log ica l changes in the lungs o c c u rr in g  under the influence of 
high oxygen p re s s u re s  took the follow ing fo rm s: d ila ta tion  and congestion  
of the veins and c a p illa r ie s , so m etim es  with h e m o rrh ag es  into the 
su rround ing  tis s u e s  and alveoli; p e r iv a sc u la r  edem a; th ickening  of the 
a lv e o la r  sep ta  due to edem a and d ila ta tion  of the c a p illa ry  system ; develop­
m ent of d iffe ren t d eg rees  and m agnitudes of a te le c ta s is . P u lm o n ary  
involvem ent was a sso c ia te d  with a m o re  o r  le s s  pronounced  congestion  of 
o th e r in te rn a l o rg an s.
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2. Iso la tion  of the su p ra re n a l g lands in dogs, p a r t ic u la r ly  in com bination  
with cu tting  of the sp lanchnic n e rv e s , is  accom pan ied  by le s s  p ronounced  
p a tho log ica l changes in the lungs under the influence of high oxygen 
p r e s s u r e s .  T h is fac t em p h asizes  the im p o rtan ce  of h u m o ra l fa c to rs  in the 
developm ent of pu lm o n ary  involvem ent in acu te  oxygen poisoning.
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P . A. Sorokin

CHANGES IN THE ELECTRICA L ACTIVITY OF THE HEARTS OF 
ANIMALS UNDER THE INFLUENCE OF HIGH OXYGEN PRESSURE

(Izm eneniya e le k tr ic h e sk o i ak tivnosti s e rd ts a  u zhivotnykh p r i  
d e is tv ii vysokikh davlenii k islo roda)

U nder the influence of high oxygen p re s s u re s  se r io u s  d is o rd e rs  of 
v a rio u s  body functions, including those  of the c a rd io v a sc u la r  sy stem , o ccu r 
co m p ara tiv e ly  quickly.

W hitehorn and Bean (1952) re p o r t  e le c tr ic a l  ac tiv ity  changes in the 
h e a r ts  of d e c e re b ra te  dogs under the long- te rm  effec t of high oxygen 
p re s s u re  (5 a tm ). U nder th ese  conditions they  o b se rv ed  b ra d y c a rd ia  and 
a  delay  in AV conduction. At the sam e tim e , v e n tr ic u la r  e x tra sy s to le s  
and an AV (nodal) rhythm  w ere so m etim es  found. T hese changes o c c u rre d  
in  the e a r ly  p e rio d  of the c o m p re sse d  oxygen e ffec t and w ere  e lim in a ted  by 
cu tting  the vagus n e rv e . H owever, th is  p ro ced u re , acco rd in g  to th e ir  data, 
did not p rev en t the developm ent of b rad y ca rd ia  o r  h e a r t  block in the la te  
p e rio d s  of oxygen poisoning.

It should be noted th a t d ece reb ra tio n , being in i tse lf  a v e ry  s e r io u s  and 
tra u m a tiz in g  p ro ced u re , e x e r ts  a m ark ed  influence on the c irc u la to ry  
sy s tem . T h e re fo re , it  seem ed  adv isab le  to u s  to study the  e le c tr ic a l  ac tiv ity  
of the h e a r t  in  in tac t an im als  in the developm ental dynam ics of acute oxygen 
poisoning.

Method

The f irst  s e r ie s  of experiments was performed on intact guinea pigs.
The an im a ls  w ere bound by th e ir  leg s  on a sp ec ia l s tand  in a supine position . 
To re c o rd  an e le c tro c a rd io g ra m  (ECG) we used  needle e le c tro d e s  which 
w ere  in se r te d  into the subcutaneous tis su e  and fasten ed  with a s tr ip  of 
adhesive  tape. The guinea p ig  was p laced  in a s te e l ch am b er 65 1 in volum e, 
in side  which the e le c tro d e s  w ere a ttached  to leads going to the e le c tro ­
card io g rap h . Tlie ch am b er was closed; a f te r  2 o r  3 m in oxygen was blown 
in fo r  the p u rp o se  of rem oving  the a ir .

The f i r s t  group of ex p erim en ts  w as p e rfo rm ed  under a p r e s s u re  of 1,
2. and 3 atm , with exposure  tim e s  of 150—180 m in (27 ex p erim en ts). The 
ECG tra c in g  was m ade with th re e  s tan d a rd  lead s  and, in v a rio u s  e x p e r i­
m en ts , with the u se  of a fou rth  lead  a lso  (righ t fo re le g  and apex of h e a rt) .

F ir s t ,  an ECG was re c o rd e d  in the in itia l position  (15 m in a f te r  tying 
the guinea p ig  to the stand); then, a t the beginning of the oxygen effect; 
subsequently , ev e ry  hour and a t the end of the ex p erim en t.
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F o r the p u rp o se  of studying the e le c tr ic a l  ac tiv ity  of the h e a r t  in the 
convulsive fo rm s  of acu te  oxygen poisoning  the e x p e rim e n ts  w e re 'p e rfo rm e d  
u n d er a p r e s s u r e  of 5.5 atm  (16 e x p e rim en ts). The ECG tra c in g s  w ere 
m ade in the in itia l position , then  e v e ry  10 m in  du ring  the ac tion  of co m ­
p re s s e d  oxygen un til convu lsions developed and follow ing d eco m p ress io n  
d u rin g  the a f te re ffe c t p e rio d . In v a rio u s  ex p e rim en ts  e le c tro c a rd io g ra p h ic  
o b se rv a tio n s  w ere  m ade un til the  an im al died. In eight e x p e rim e n ts  the 
guinea p ig s  w ere  given a subcutaneous in jec tion  of an a tro p in e  so lu tion  in 
a dose of 1 m g /k g  p r io r  to  the e ffec t of c o m p re sse d  oxygen (5.5 atm ).

The oxygen conten t of the ch am b er ran g ed  fro m  92 — 96%; the carbon  
dioxide content, fro m  0.05 — 0.2% .

A s c o n tro ls , the  basic  da ta  a s  w ell a s  the r e s u l ts  of 14 co n tro l e x p e r i­
m en ts  p e rfo rm e d  u n d er conditions of b rea th in g  oxygen a t a p r e s s u r e  of 
1 a tm  w ere  used.

The second s e r ie s  of ex p e rim en ts  w as p e rfo rm e d  on dogs a n es th e tized  
with u re th an e . In a ll, 15 e x p e rim e n ts  w ere  p e rfo rm ed ; of th e se , 6 w ere 
on in tac t an im als; 7 on an im a ls  vagotom ized  p r io r  to  the e ffec t of oxygen 
o r  d u rin g  the o c c u rre n c e  of oxygen- induced convulsions; 2, on a n im a ls  in 
which the h e a r t  w as d en erv a ted  in  the convulsive p e rio d  of acu te  oxygen 
poisoning .

The e x p e rim e n ts  w ere  p e rfo rm e d  in a la rg e  c o m p re ss io n  ch am b er. All 
the e x p e rim en ta l an im a ls  w ere  exposed  to  the ac tion  of oxygen u n d er a 
p r e s s u re  of 6 a tm . The n itro g en  conten t in the oxygen supply  fo r  b rea th in g  
did not exceed  2%. An ECG w as re c o rd e d  in the in itia l s ta te  and fro m  tim e  
to tim e  a t v a rio u s  p h a se s  of acu te  oxygen poisoning.

R esu lts  of the Investiga tions

First Series of Experiments. In the in itia l s ta te  the n u m b er of h e a r t  
b ea ts  p e r  m in  in guinea p igs ran g ed  from  214 to 350 (an av e ra g e  of 285).
The P R  in te rv a l w as from  0.04 to  0.09 sec  (an av e rag e  of 0.06); the  QRS, 
fro m  0.025 — 0.04 sec  (an av e rag e  of 0.03); QT, 0.09 — 0.16 sec  (an av e rag e  
of 0.13). As f a r  a s  the shape of the  w aves in the n o rm a l guinea p ig  ECG 
is  co n cern ed , th e  P  wave w as alw ays p o sitiv e  with a rounded  and, ra re ly ,  
po in ted  peak . The Q wave w as r a r e ly  en coun tered  and only in the f i r s t  lead . 
The R wave w as alw ays d ire c te d  upw ard and w as la rg e s t  in the second and, 
r a r e ly ,  in the  f i r s t  lead . The S wave w as found in about ha lf of the e x p e r i­
m en ts , a lw ays in the th ird  lead . The T wave in the f i r s t  lead  w as u su a lly  
negative , r a r e ly  po sitiv e , o r  not d iffe ren tia ted  a t a ll; in  the second lead  in 
tw o- th ird s  of the in v estig a tio n s it w as d ire c te d  upw ard; in  one- th ird , 
dow nw ard. In the th ird  lead  the T wave w as p o sitiv e  a s  a ru le .

The P R  and R(S)T seg m en ts  in  the second and th ird  le a d s  w ere  d isp laced  
dow nw ard 0 .5 — 1.0 m m  fro m  the is o e le c tr ic  line .

In e x p e rim e n ts  with oxygen p re s s u r e s  of 1.0 and 2.0 a tm , fo r  2 .5 —3 h rs  
(24 ex p erim en ts) no ap p rec iab le  a b n o rm a litie s  w ere  noted in the behav io r 
of the guinea p ig s . The e le c tro c a rd io g ra m  w as n o rm a l in  14 ex p erim en ts ; 
in  10 a d is tin c t red u c tio n  of the  T wave w as o b se rv ed  (F ig u re  1).
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F I G U R E  1 .  C h a n g e s  i n  t h e  f o u r t h  l e a d  o f  t h e  e l e c t r o c a r d i o g r a m  o f  g u i n e a  p i g  u n d e r  t h e  i n f l u e n c e  o f o x ) g e n  

a t  a  p r e s s u r e  o f  1 a t m  ( e x p e r i m e n t  o f  12  J u l y  1 9 5 5 )

A — b a s i c  E C G  ( s i n u s  r h y t h m ,  241) b e a t s  / m i n ) ;  B — E C G  1 h r  a f t e r  t h e  a n i m a l  h a d  b e e n  p u t  i n  a n  a t m o s p h e r e  

o f  o x ) g e n ;  C — E C G .  2 h r s  a f t e r ;  D  — E C G  2 . 5  h r s  a f t e r  ( a  c e r t a i n  i n c r e a s e  i n  t h e  h e a r t  r a t e  o c c u r r e d  — a b o u t  

3 0 0  p e r  m i n  — a n d  t h e r e  is  s o m e  f l a t t e n i n g  o f  t h e  T  w a v e ) .

D uring the effect of oxygen under a p r e s s u re  of 3 atm  (th ree  ex p erim en ts) 
m o to r r e s t le s s n e s s  was noted, but w ithout developm ent of convulsive 
phenom ena. In one guinea pig, a t the end of the ex p erim en t with oxygen 
the num ber of h e a r t  bea ts  dropped from  320 to 120/m in; v a rio u s  im p u lses  
cam e from  the AV node during  the a fte re ffec t. The guinea pig was le th a rg ic  
and did not ea t fo r a day. Under the influence of oxygen a t 5.5 atm  local 
sp a sm s ap p eared  in the in tac t guinea p igs a f te r  13—38 m in (on the average , 
a f te r  22.6 min); g en era lized  convulsions ap p eared  a f te r  18 — 46 m in (on the 
av e rag e , a f te r  32.2 m in). In m ost o b se rv a tio n s  changes in e le c tr ic a l 
ac tiv ity  of the h e a r t  w ere found before the developm ent of convulsive 
phenom ena and w ere c h a ra c te r iz e d  by reduction  of the h e a r t  ra te  (on the 
av e rag e , by 24%). Slowing of the h e a r t bea ts  o c c u rre d  because  of a 
change in the s inus rhythm  (five ex p erim en ts), SA block (two ex p erim en ts), 
o r  incom plete h e a r t  block (one experim en t). In the convulsive p e rio d  
h e a r t block was o b se rv ed  m o re  often (seven experim en ts); nodal and 
id io v e n tr ic u la r  rh y th m s (four ex p erim en ts), le s s  often. The changes 
ind icated  above w ere  accom panied  by slow v e n tr ic u la r  co n trac tio n s  (50 — 
100/m in), reduced  s ize  of the T waves and in c re a se  in heigh ts of the R 
w aves. At the beginning of the oxygen effect the T w aves in c re a se d  in s ize  
som ew hat; in the convulsive p erio d , they g radually  d e c re a sed  in s ize , 
and, not uncom m only, in those c a se s  w here they had been p o sitiv e , becam e 
negative. At the sam e tim e , during  the convulsions, the R(S)T segm ent 
was g radually  d isp laced  downward, reach in g  its  m o st p ronounced deg ree  
during the developm ent of te rm in a l s igns. A fter the oxygen e ffec t had 
stopped, if the an im al su rv ived , n o rm aliza tio n  of the e le c tro c a rd io g ra m  
o c c u rre d .

As an illu s tra tio n  we a re  p re se n tin g  e le c tro c a rd io g ra p h ic  data fo r 
guinea p ig  No. 25 (F ig u re  2). In th is  ca se , even a t the beginning of oxygen 
poisoning incom plete h e a r t block developed, which, with in c re a se  in oxygen 
poisoning (convulsions and re s p ira to ry  dep ressio n ), w as accom panied  by 
p ro g re ss iv e ly  m o re  frequen t o m iss io n s  of the v e n tr ic u la r  co n trac tio n s  and 
a p ro g re s s iv e  downward d isp lacem en t of the R(S)T segm ent (F ig u re  2, B —E). 
A fter the oxygen effect had stopped the e le c tro c a rd io g ra p h ic  tra c in g  was the 
sam e a s  the o rig in a l (F ig u re  2, G).

In the in itia l p e rio d  of the toxic oxygen effect, along with a slow ing of 
the h e a r t  ra te  v e n tr ic u la r  e x tra sy s to le s  (F igu re  2, B) not uncom m only w ere 
observ ed .
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FIGURE 2. Changes in (he electrical activity of the heart of guinea pig No. 25 under the influence of 
oxygen at a pressure of 5.5 atm (experim ent of 2 October 1955)

A —basic ECG (sinus rhythm, 280 beats/m in); B —ECG 10 mm after the beginning of the oxygen 
effect (190  ventricular contractions/m in; incom plete AV block; ventricular extrasystoles; increase 
in the s i2.e of the R waves); C — ECG after 35 min; convulsive period (heart rate, 1 5 0 /min; as 
before, incom plete heart block; th eT  wave increased in size in the 2nd and 3rd m inute). D —
ECG after 50 min; convulsive period (cardiac contractions 130/m in; ST segment begins to be dis­
placed downward from the isoelectric line; flattening of the T waves; otherwise the data are the 
same as on the previous ECG); E — ECG after 65 min; rate convulsions; respiratory depression 
(cardiac contractions, about 100/m in ; as before, incom plete AV block; the ST segment is displaced 
downward even further; T waves are negative); F — ECG 10 min after decompression and discontin­
uance ol the oxygen effect (sinus rhythm, 220 beats/m in , ST segment displaced downward less than 
on previous ECG; the T waves are flattened); G — ECG 68 min after decompression (sinus rhythm 
about 280 /m in ; ECG is the same as the original). K — control, lm V  = 1 c m . T im e marking — 
0 .05 -second intervals.
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In guinea p igs which had been in jec ted  subcu taneously  with a tro p in e  p r io r  
to  the effect of c o m p ressed  oxygen no slow ing of the h e a r t  ra te  w as o b se rv ed . 
No o th e r c a rd ia c  a rrh y th m ia s  c h a ra c te r is t ic  of acu te  oxygen poisoning  in 
in tac t an im als  w ere o b se rv ed  h e re  e ith e r . As an illu s tra tio n  of what has 
been s ta te d  the data of th re e  ex p erim en ts  p e rta in in g  to the sam e  guinea p ig  
a re  p re se n te d  (F igu re  3).

min

FIGURE 3. Curves of the heart rate of guinea pig No. 23 under the influence of oxygen at 
a pressure of S.5 atm (data of three e/perim ents), 28 September (1 )  5 October (2 )  and 
17 December (3 )

On the abscissa, the number of heart beats/m in; on the ordinate, the tim e (in  m in ).
AV — atrioventricular block; Oj — beginning of breathing of oxygen; C — compression;
D — decompression; A — inhalation of air.

Second S e r ie s  of E x p e rim e n ts . The changes in the e le c tr ic a l  ac tiv ity  
of the h e a r t  in an es th e tized  dogs depended on the p h a se s  of developm ent of 
acu te  oxygen poisoning. The in itia l reac tio n  to high oxygen p re s s u re s  is  
a c e r ta in  reduction  in  the h e a r t  r a te . As soon a s  hyperpnea developed in 
the an im als , ta ch y ca rd ia  developed, continuing even during  convulsive

FIGURE 4. Change in the electrical activity of the heart in an anesthetized dog under the influence o f an 
oxygen pressure of 6 atm (experiment of 2 February 1957)

A —initial ECG( sinus rhythm, about 160/ m in); B—ECG 5 min after the action of compressed oxygen (sinus 
rhythm, about llO b eats/m in ); C —ECG after 15 min, during oxygen-induced hyperpnea (the same data, heart 
rate about 130/m in); D — ECG after 22 min, at the beginning of the convulsive period (data is the same as on 
the previous ECG); E—ECG after 33 min; convulsive period (sinus rhythm about 48 beats/m in ); F — ECG after 
53 min; convulsive period —AV block with a heart rate of about 3 0 /m in ); G — ECG after 60 min —beginning of 
terminal period (sinus rhythm, heart rate about 1 1 0 /min; the waves are considerably reduced in size; the T waves 
in the second and third leads are relatively large and in the first lead, negative; elevation of the ST segm ent);
H — ECG after 66 min; terminal period (sinus tachycardia, about 185 beats/m in; Q is deep in the first lead; the 
R waves are markedly reduced in height; the P and T waves are relatively large in the second and third leads; 
there is considerable elevation of theST segm ent); 1—ECG recorded during decompression. 14 min after respira­
tory arrest (data is the same as on the previous ECG).
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FIGURE 5. Electrocardiographic changes in a vagotomized dog under the influence of compressed 
oxygen (6  atm ) .  Experiment of 24 J anuary 1957

A — basic ECG (sinus rhythm, about 12 0 /m in ); B — ECG 6 min after vagotomy, breathing of air 
(sinus rhythm, 220 beats/m in ); C — ECG 10 min after the action of compressed oxygen, at the 
beginning of hyperventilation (sinus rhythm, the changes are the same as on the previous ECG);
D — ECG after 35 min, recorded during the convulsions (as before, sinus rhythm, about 230 / min, 
lowering of the R waves and considerable enlargement of the T waves); E — ECG after 45 min (the  
same rhythm, 240/m in , a marked lowering of the R waves, "giant" T waves, elevation of ST);
F — ECG after 56 min. Immediately after respiratory arrest, "terminal" period of acute oxygen 
poisoning ( the changes are the same as on the previous ECG).
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p a ro x y sm s. In the subsequen t c o u rse  of the convulsive p e rio d  betw een the 
p a ro x y sm s b ra d y c a rd ia  developed, and during  ac tu a l paro x y sm  w as re p la c e d  
by tac h y c a rd ia . At the end of the p e rio d  of convulsions AV rhy thm  o r  h e a r t  
block o c c u rre d ; th e se  c a rd ia c  a rrh y th m ia s  w ere again  re p la c e d  by s in u s 
ta c h y c a rd ia  in the te rm in a l p e rio d . A fte r r e s p ir a to ry  a r r e s t  the h e a r t  ra te  
g rad u a lly  d e c re a sed , and " te rm in a l"  AV block developed.

Data of e le c tro c a rd io g ra p h ic  s tu d ie s  of an in tac t dog a n e s th e tiz e d  with 
u re th an e  is  shown in F ig u re  4. At the beginning of the oxygen e ffec t the 
h e a r t  showed a  s in u s rhy thm , but the h e a r t  ra te  w as co n sid e rab ly  red u ced  
(F ig u re  4, B). Beginning with the o n se t of hyperpnea  and a t  the beginning 
of the p e rio d  of convu lsions the h e a r t  ra te  again  in c re a se d  (F ig u re  4, C, D). 
At the height of the "convu lsive" p e rio d  sinus b ra d y c a rd ia  o c c u r re d  betw een 
the p a ro x y sm s (F ig u re  4, E), ending in the developm ent of h e a r t  block 
(F ig u re  4, F). At the beginning of the " te rm in a l"  p e rio d  s inus rhy thm  was 
re s to re d , and a co n sid e rab le  ta c h y c a rd ia  began soon a f te r  (F ig u re  4, G, H). 
In the " te rm in a l"  p e rio d  of acu te  oxygen poisoning, to g e th e r w ith the 
c a rd ia c  a r rh y th m ia s  ind ica ted  above, a co n sid e rab le  red u c tio n  of the 
voltage of the R w aves, a deepening of the Q wave in  the f i r s t  lead , and 
e lev a tio n  of the RST segm en t in a ll s ta n d a rd  le a d s  w ere  noted.

C utting  the  vagus n e rv e s  in dogs e lim in a te s  the slow ing of the  h e a r t  
r a te  u n d er the in fluence of high oxygen p r e s s u r e s .  In th e se  an im a ls  n e ith e r  
AV rhy thm  n o r h e a r t  block is  o b se rv ed  during  the convu lsions (F ig u re  5). 
H ow ever, cu tting  the vagus n e rv e s  does not p rev en t the developm ent of AV 
block in the " te rm in a l"  p e rio d  of acu te  oxygen poisoning.

It should be noted  th a t in vagotom ized  dogs exposed  to  the ac tio n  of high 
oxygen p r e s s u r e s ,  the voltage of the R w aves is  red u ced  m uch m o re  
rap id ly , and "g ian t" T w aves a p p ea r m uch m o re  quickly (F ig u re  5, D—F) 
than in the in ta c t an im a ls , ind ica ting  the e a r l ie r  developm ent of m y o ca rd ia l 
hypoxia in vagotom ized  an im a ls .

An add itional o p e ra tio n  in the fo rm  of b ila te ra l  sec tio n  of the  an sa  sub- 
c lav ia  e x e r ts  no ap p rec iab le  e ffec t on ta c h y c a rd ia  e ith e r  d u ring  the con­
v u ls io n s o r  a t the beginning of the " te rm in a l"  p e rio d  of acu te  oxygen 
poisoning.

D iscu ssio n  of R esu lts

The re s u lts  of the  s tu d ie s  showed than  in  in tac t a n im a ls  even a t the 
beginning of the ac tion  of high oxygen p re s s u r e s  a  d is tin c t red u c tio n  of the 
h e a r t  r a te  o c c u rs . In guinea p ig s  v e n tr ic u la r  e x tra s y s to le s , SA block, 
and an AV conduction  d is o rd e r  o c c u r not uncom m only d u rin g  th is  period . 
T hese  c a rd ia c  a r rh y th m ia s  freq u en tly  p reced e  the convu lsions, being, 
th e re fo re , e a r ly  s igns of acu te  oxygen poisoning.

In dogs, in  c o n tra s t  to  guinea p ig s , the in itia l m o d e ra te  slow ing of the 
h e a r t  r a te  is  re p la c e d  by ta c h y c a rd ia  ag a in st the background of hyperpnea . 
With the ap p earan ce  of c lon ic  and ton ic  convu lsions in  the a n im a ls  b rad y ­
c a rd ia  g rad u a lly  o c c u rs . T h is is  a s so c ia te d  w ith the developm ent of AV 
block (com plete  o r  incom plete) o r  nodal o r  so m e tim es  id io v e n tr ic u la r  
rhy thm .

As is  w ell known fro m  the l i te ra tu re ,  such c a rd ia c  a rrh y th m ia s  a re  
en coun tered  in  an im a ls  a f te r  s tim u la tio n  of the p e r ip h e ra l end of the vagus
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nerve6  (Sm irnov, 1947) o r  i ts  c e n tra l s tru c tu re s  (Shidlovskii and 
K yandzhuntseva, 1953) a s  w ell a s  a f te r  a d m in is tra tio n  of ace ty lcho line  
(Shidlovskii and K yandzhuntseva, 1953) o r  carbocho line  (C hum buridze,
1955). In view of th is  data , a s  w ell a s  the fa c t th a t in o u r ex p erim en ts  
with c o m p re sse d  oxygen p re lim in a ry  a tro p in iza tio n  of the guinea p igs o r  
vagotom y in dogs inevitab ly  e lim in a ted  b rad y ca rd ia , h e a r t  block o r  h e te ro ­
topic rhy thm , the connection  betw een theBe d is o rd e rs  and s tim u la tio n  of 
the vagus nerve  b ecom es obvious.

The m ost freq u en t ca rd ia c  a rrh y th m ia  in  the convulsive p e rio d  of 
oxygen poison ing  is  AV block. The n a tu re  of the conduction d iso rd e r  in 
the AV bundle can be u n d erstood  from  the standpoint of V v ed en sk ii's  
study of p a ra b io s is  (1886, 1901), which w as subsequently  developed and 
supp lem ented  by h is  d isc ip le s  under the d irec tio n  of U khtom skii 
(1927, 1930, 1934).

Sam oilov (1929) w as the f i r s t  to point out the connection  betw een 
delayed  AV conduction and the phenom ena of p a ra b io s is . Subsequently, 
m any au th o rs  p re se n te d  proof of the p a ra b io tic  n a tu re  of h e a r t  block 
(B orisova and Rusinov, 1940; C hernogorov, 1948; Rafiki, 1954; Isakov, 
1958; and o th e rs ) . In addition , SA block is  re g a rd e d  a s  a m an ifes ta tio n  
of p e s s im a l inh ib ition  (A rshavsk ii, 1948).

The study by V vedenskii and U khtom skii g ives re a so n  to  suppose th a t 
u n d er the influence of high oxygen p re s s u r e s  th e re  is  a change in  the 
functional condition  of the exc itab le  ca rd ia c  t is s u e s .  In th e se  c a se s , 
ap p aren tly , s tim u la tio n  of the vagus nerv e  and, p o ssib ly , a lso  a  loca l 
e ffect of high oxygen ten s io n s , r e s u lts  in a reduc tion  of the functional 
m ob ility  (lab ility ) of the excitab le  c a rd ia c  tis su e , co n trib u tin g  to  the 
developm ent of p e s s im a l inhibition. T his p robab ly  c a u se s  both the SA 
block and the AV conduction d iso rd e rs .

The change in the te rm in a l com ponents of the v e n tr ic u la r  com plex is  
in te re s tin g . In guinea p igs a downward d isp lacem en t of the R(S)T segm ent 
from  the is o e le c tr ic  line is  noted with s im u ltaneous fla tten in g  o r  in v e rs io n  
of the T wave. T hese changes u su a lly  ap p ear during  the convu lsions and 
in c re a se  with p ro g re s s io n  of acute oxygen poisoning, becom ing m ost 
in tense  in the te rm in a l p e rio d .

In dogs, on the o th e r hand, an e levation  of the R(S)T segm ent is  o b serv ed , 
and th e re  is  an in c re a se  in the size  of the T w aves, which not uncom m only 
becom e "g ian t" w aves. The R wave becom es m ark ed ly  s m a lle r . T hese 
changes u sually  o ccu r in the te rm in a l p e rio d  of acu te  oxygen poisoning. It 
should be noted th a t s im ila r  changes on the ECG a re  found in ex p e rim en ts  
on an im als  with m ild  card iohypoxia  caused  by bleeding, the ad m in is tra tio n  
of sodium  n itra te  o r  po tassiu m  cyanide (A r'ev , K a rtsev a , and V orob 'eva, 
1940, 1941; A r 'e v  and K artsev a , 1947). "G iant" T w aves w ere  re c o rd e d  
a lso  in dogs a f te r  co m p ress io n  o r  liga tion  of the c o ro n a ry  a r te r ie s  
(Z h il'tso v , 1956; Lengyel, C a ra m e lli, M onfort and C le m e n te -G u e rra ,
1957; E gurnov, 1958). The data  p re se n te d  g ives u s  re a so n  to suppose 
th a t m y o card ia l hypoxia develops in an im a ls  during  oxygen poisoning.

The question  a r i s e s  of the cause  of th is  condition in hyperoxem ia . The 
idea tha t m y o card ia l hypoxia is  connected  with pu lm onary  involvem ent is  
h a rd ly  su b stan tia ted , since  the patho log ica l changes found in  the lung tis su e  
un d er the influence of high oxygen p re s s u re s ,  although constan t, a re  never 
so w idesp read  a s  to p roduce  hypoxem ia (G roshikov and Sorokin, 1963). It 
is  m o re  like ly  th a t tis su e  hypoxia develops during  acu te  oxygen poisoning
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a s  a r e s u l t  of a d e p re ss io n  of in tra c e llu la r  enzym e oxidation  (Bean and 
Haldi, 1932; Lehm ann, 1935; M a ssa r t, 1936).

The fac t th a t s in u s  ta ch y ca rd ia  which re p la c e s  the h e a r t  block and 
th e re b y  s ig n if ie s  a change to the " te rm in a l"  p e rio d  of acu te  oxygen 
poisoning, is  not e lim in a ted  by cu tting  the ansae  subc lav iae , in d ica te s  th a t 
te rm in a l ta ch y ca rd ia  is  connected  with the ac tion  of h u m o ra l fa c to rs .

In the subsequen t c o u rse  of the " te rm in a l"  p e rio d , when r e s p ir a to ry  
a r r e s t  o c c u rs , ta c h y c a rd ia  is  again  re p la c e d  by b ra d y c a rd ia  and h e a r t  
block. N e ith e r liga tion  of the vagus n e rv e  n o r a tro p in iza tio n  e lim in a te s  the 
la t te r .  T h e re fo re , i t  m u st be supposed  th a t AV block in th is  p e rio d  is  
b rought about by deep- sea ted  m etabo lic  d is o rd e r s  in the h e a r t  m u sc le , 
re su ltin g  fro m  the a n im a l 's  dying.

C onclusion

1. C hanges in e le c tr ic a l  a c tiv ity  of the h e a r t  in in ta c t a n im a ls  in  the 
in itia l p e r io d  of acu te  oxygen poison ing  a re  c h a ra c te r iz e d  by a d is tin c t 
slow ing of the s in u s rhy thm  and not uncom m only by e x tra s y s to le s , a s  w ell 
a s  by SA block and an AV conduction d iso rd e r  (in guinea p igs); in  the 
convulsive p e rio d , by h e a r t  block, and, le s s  often, by nodal o r  id io v e n tr i­
c u la r  rhythm ; in the " te rm in a l"  p e rio d , by s in u s ta c h y c a rd ia  (in dogs), 
which a f te r  r e s p ir a to ry  a r r e s t  is  again  re p la c e d  by b ra d y c a rd ia  and co m ­
p le te  AV block.

2. P re l im in a ry  a tro p in iza tio n  o r  cu tting  of the vagus n e rv e s  e lim in a te s  
slow ing of the h e a r t  r a te ,  SA block and AV conduction  d is o rd e r  both in the 
in itia l and convulsive p e r io d s  of acu te  oxygen poisoning, but does not 
p rev en t the developm ent of " te rm in a l"  b ra d y c a rd ia  o r  h e a r t  block.

3. Sinus ta c h y c a rd ia  a t the beginning of the " te rm in a l"  p e rio d , which 
o c c u rs  a f te r  h e a r t  block o r  h e te ro to p ic  rhy thm , is  not e lim in a ted  by cu tting  
the sym pathetic  pathw ays to  the h e a r t .

4. D isp lacem en t of the R(S)T segm en t with negative "g ian t"  T w aves 
and sim u ltan eo u s low ering  of R wave voltage should be re g a rd e d  a s  an 
e x p re ss io n  of m y o card ia l hypoxia, which ap p aren tly  develops b ecau se  of a 
d e p re ss io n  of t is s u e  re s p ira t io n  d u ring  acu te  oxygen poisoning .

5. C ard iac  a r rh y th m ia s  and o th e r  changes in the  e le c tr ic a l  a c tiv ity  of 
the h e a r t  o c c u rr in g  d u ring  the convulsive p e rio d  of acu te  oxygen poison ing  
a re  t r a n s i to ry  and d isa p p e a r co m p ara tiv e ly  quickly when the  e ffec t of high 
oxygen p r e s s u r e s  is  d iscontinued .
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P . A. Sorokin

CHANGE IN THE CIRCULATING BLOOD VOLUME IN DOGS BREATHING 
OXYGEN UNDER PRESSURES OF 1.0 AND 2.0 ATMOSPHERES

(Izrnenenie k o lich estv a  ts irk u liru y u sh c h e i k rov i u sobak p r i  dykhanii 
k islo rodom  pod davleniem  1.0 i 2.0 ata)

A num ber of au th o rs  have o b se rv ed  th a t inhalation  of in c re a se d  oxygen 
co n cen tra tio n s  at o rd in a ry  a tm o sp h e ric  p r e s s u re  is  a s so c ia te d  w ith a 
red u c tio n  of the m inute  volum e of blood (Anthony, 1947; K eys, Stapp, and 
V iolante, 1943; W hitehorn, E delm an, and H itchcock, 1946; Sorokin, 1958), 
T his red u c tio n  is  a sso c ia te d  not only with a slow ing of the h e a r t  r a te  but 
a lso  with a red u c tio n  of the s tro k e  volum e (W hitehorn, e t a l. , 1946).

One of the p a ra m e te rs  d e te rm in in g  the m inute  volum e of blood is  the 
c irc u la tin g  blood volum e. When a redu c tio n  of the s tro k e  volum e of the 
h e a r t  is  o b se rv ed  in  hyperox ia  a reduc tion  of the m a ss  of c irc u la tin g  blood 
m ight a lso  be susp ec ted . H ow ever, H itzen b erg e r and M olenaar (1934) 
re p o r t  a c e r ta in  in c re a se  in the c irc u la tin g  blood volum e in healthy  
p e rso n s  b rea th in g  oxygen at o rd in a ry  b a ro m e tr ic  p r e s s u re .  They believe  
that the redu c tio n  in hem oglobin and re d  ce ll count which they  o b se rv ed  in 
th e se  ex p e rim en ts , is  explained by the fac t tha t the blood w as d ilu ted  with 
tis s u e  flu id .

The need fo r  c la r if ic a tio n  of what is  involved in c irc u la tin g  blood volum e 
p a r t ic u la r ly  under in c re a se d  oxygen p re s s u re s ,  led  to the p re s e n t study.

Method

The ex p e rim en ts  w ere p e rfo rm ed  in a co m p ress io n  ch am b er, under 
conditions which rem a in ed  unchanged, except fo r the p r e s s u re  in the 
ch am b er and the oxygen content in the gas m ix tu re  b rea th ed .

The ex p erim en ta l an im a ls  (dogs) w ere  tra in e d  to  b re a th e  th rough a m ask  
while ly ing on th e ir  le ft s ide . The in le t valve of the m ask  w as connected  
to a ru b b e riz e d  fa b ric  bag with a co rru g a te d  ru b b e r  b rea th in g  hose . F rom  
tim e  to tim e  the bag w as filled  with oxygen through a tube from  the tank 
loca ted  ou tside the cham ber. The ou tle t valve was s im ila r ly  connected  
with an o th e r bag, which held  the exhaled  a ir .  As the bag w as f ille d  the 
la t te r  was d ire c te d  out into the ou tside a ir .

To p rev en t the p o ss ib le  developm ent of conditioned re f le x e s  to the 
ex p erim en ta l situa tion , the ex p e rim en ts  u su a lly  w ere  p e rfo rm e d  once a 
week, and th e re  w ere  two in te rv a ls  to ta lin g  14 days. In th is  connection, 
co n tro l s tu d ie s  w ere  m ade both a t the beginning and end of the o b se rv a tio n  
s e r ie s .
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FIGURE 1. Apparatus for taking blood and syringe for injecting dye solution into the vein

1 — ampules containing T-1824 dyesolution; 2 — tuberculin syringe for intravenous injec­
tion of the dye solution; 3 — adapter; 4 — system for taking blood; 5 — needle with 
rubber tube for taking blood; G — 10-m l syringe.

On the day of the experiment the dogs were weighed, fitted with breathing 
masks, placed on their left side, and allowed to breath ord inary  a i r  (control) 
or oxygen under p re ssu re  of 1.0 and 2.0 atm. The circulating blood volume 
was investigated 3—4.5 h rs  after the beginning of the experiment.

The determination of the circulating blood volume was made with Evan 's  
blue (T- 1824)* according to the method described by G regersen (1944). 
Initially, a standard solution (0.5—1.0%) in physiological saline o r  distilled 
water was p repared  from the dye T—1824. In our experim ents a 0.48% 
solution of the dye in distilled water was used.

From this standard dye solution a solution was p repared  in d istilled water 
in a 1:50 ratio, and then a solution in a dilution of 1:500 was p repared  by 
mixing 0.2 ml of the 1:50 dye solution with 1.8 ml of dog's plasma.

The control solution was p repared  by mixing 0.2 ml of distilled water 
with 1.8 ml of the same plasma used for the prepara tion  of the standard 
solution.

The standard and control solutions were poured into cuvettes, to a depth 
of 10 mm. We made use of specially p repared  cuvettes with a capacity  of 
1.5 ml. The optical density of the standard dye solution was determ ined 
with a spectrophotometer (SF-4) for a wavelength of 624 mt i .
Through repeated studies the optical density of the standard dye solution 
(D) was determined and found to be equal to 0.690.

* l should like to lake this opportunity to thank F. Yu.Rachtnskii and D. V .lo lle , workers in the Department 
oi Organic Chemistry of the Kirov Military Medical Academy, who, at our reuuest, prepared the T -1824d ye .
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F o r in trav en o u s in jec tion  of the dye so lu tion  we u sed  a tu b ercu lin  
sy rin g e  (F ig u re  1, No. 2) fu rn ish ed  with a specia l ad a p te r  (F igu re  1, N o .3) 
which w as a ttached  to the upper p o rtio n  of the sy ringe  b a r re l .  The ad ap te r, 
a w ire  cu rv ed  in the fo rm  of a rec tan g le , is  clam ped to the p lunger of the 
sy rin g e  and, when the sy rin g e  is  filled  with 1 m l of the dye solu tion , 
co in c id es  with a c ir c u la r  d ep re ss io n  on the p lunger. T his adap ta tion  was 
n e c e s sa ry , because  when the sy rin g e  is  filled  with the dye solu tion  it  is  
im p o ssib le  to see  e ith e r  the d iv ision  on it  o r  the base  of the p lunger.
The a d a p te r  m ade p o ssib le  in jec tio n s which alw ays contained about the 
sam e  am ount of dye; e r r o r  was no g re a te r  than ± 0.3%.

The quantity  of so lu tion  in jec ted  into the vein was d e te rm in ed  from

the fo rm u la  v=^, w here v is  the volum e of dye solu tion  in jected;

P is  the weight of the volum e of dye in jec ted  into the vein; D  is  the 
sp ec ific  g rav ity  of the dye solu tion , equal to  1.00022. By su b stitu tin g  the

a p p ro p ria te  f ig u re s , we obtain  v - q'qq^V = - -019 (which am ounts

to 4.89 m g of the d ry  dye).
U sually , the blood taken  from  the dogs was from  the rig h t ju g u la r vein 

and the left com m on ca ro tid  a r te ry ,  which were f i r s t  e x te r io r iz e d  
se p a ra te ly  in a skin flap . The f i r s t  blood sam ple, se rv in g  a s  a co n tro l, 
w as draw n from  the ju g u la r vein  into a te s t  tube in a quantity  of 4 —5 m l. 
W ithout being rem oved  from  the vein, the needle, along with the ru b b e r 
tube a ttach ed  to it, was d isconnected  from  the te s t  tube (F igu re  1, No. 5, 
2,No.l );then a 10ml  sy ringe  contain ing  physio logical sa line  solu tion  was 
connected  to the ru b b e r tube (F igu re  1, No. 6; 2, No. 2). By m eans of a 
p u nc tu re  in the ru b b er tube, 1 m l of 0.48% dye solu tion  was in jec ted  into 
the vein  from  the tu b ercu lin  sy rin g e , and the re m a in d e r of the dye solu tion  
was fo rced  into a co n ta in e r by the physio logical so lu tion  from  the ru b b e r 
tube and the needle (F igu re  2). A fter 10 m in (the tim e needed fo r  fixing 
of the dye solu tion  with the c irc u la tin g  blood) a second blood sam ple , a lso  
in a quantity  of 4 —5 m l, was taken  from  the jugu lar vein o r  c a ro tid  a r te ry  
of the opposite  side .

FIGURE 2. The position o f  the tuberculin syringe at the t im e  of injection of the T - l s ’Jl 
dye solution into the vein

1 — n eed le  with rubber tube; 2 — 1 0 -n i l  syringe containing physiologica l saline solution, 
3 — tuberculin syringe for intravenous in jection of the T-1S2-1 dye solution.
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The re la tio n sh ip  betw een the p la sm a  and red  ce ll vo lum es was d e te r ­
m ined by the copper su lfa te  m ethod p rop o sed  by P h ilip s  and co - au th o rs  
(P h ilip s , van Slyke, Dole, E m erso n , A rchibald , and H am ilton, 1943).
F o r th is  pu rpose , in the co n tro l sam ple  a de te rm in a tio n  was m ade of the 
specific  g rav ity  of whole blood and then  of the p la sm a  obtained by c e n tr i­
fugation. This m e ta to c r it (Ha) is  ca lcu la ted  from  the follow ing fo rm ula:

(sp. g r. of blood) — (s p .g r . of p lasm a)
1.104 —(sp. g r, of p lasm a)

w here 1.104 is  the specific  g rav ity  of the dogs' red  c e lls . A nom ogram  
m ay be used  fo r  the sam e p u rpose .

The blood sam p les  w ere exam ined fo r  hem o ly sis , and in its  absence  a 
d e te rm in a tio n  was m ade of the density  of the dye.

The volum e of c ircu la tin g  p la sm a  (pv> was ca lcu la ted  from  the following 
fo rm ula:

JVX 500 X r  (1)
D-2

w here D  ^  is  the op tical density  of the dye in the c irc u la tin g  p lasm a  a f te r  
m ixing; is  the o p tica l density  of a s ta n d a rd  dye solu tion  d ilu ted  1:500 
in the p lasm a; v is  the volum e of in jec ted  dye solu tion .

B ecause the sam e co n cen tra tion  of in jec ted  dye solu tion  (0.48%) was 
alw ays used  in o u r in v estiga tions, the o p tica l d ensity  was constan t, i. e ., 
equal to 0.690 when the sam e cuvette  was used  with so lu tion  10 mm deep. 
The volum e of dye solu tion  ( V ) ,  in jec ted  into the vein w als a lso  constan t, 
i. e . , equal to 1.019 m l. Substitu ting  th ese  values into fo rm u la  (1), we 
d e te rm in e  the quantity  of c irc u la tin g  p lasm a  in m l:

0.690 X  500X  1 019 351.5

The c irc u la tin g  blood volum e in m l (OV) was ca lcu la ted  from  the 
follow ing fo rm ula :

p v
o i ' ~  1 0 0 -  B e t  x  1 0 0 ' ( 2 )

w here pv  is  the quantity  of c irc u la tin g  p la sm a  in m l, a s  ca lcu la ted  from  
fo rm u la  (1).

R esu lts  of the Investigations

In 20 con tro l ex p e rim en ts  p e rfo rm ed  when the an im a ls  w ere b rea th ing  
o rd in a ry  a ir ,  the volum e of c irc u la tin g  p la sm a  w as, on the av e rag e ,
47.3 m l/k g  body weight with e x tre m e s  of 42.2 — 53.0 m l/k g . The c irc u la tin g  
blood volum e, on the av e rag e , was 84.4 m l/k g . The values obtained in 
d iffe ren t ex p erim en ta l an im als  w ere from  76.0 — 93.0 m l/k g  (F ig u re  3)., 
H owever, v a ria tio n s  in  the c ircu la tin g  blood volum e in the sam e  an im al 
w ere  s ligh t and did not exceed  5.0 m l/k g . T h e re fo re , it  a p p e a rs  th a t a 
m o re  o r  le s s  constan t c irc u la tin g  blood volum e is  c h a ra c te r is t ic  of each 
an im al under conditions of p hysica l r e s t .
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T h e  d o g  T a im y r  T h e  do g  S e d o i  T h e  d o g  R e z v y i T h e  d o g  G ia a r

/ atm £atm  /atm  2  atm /a tm  I  atm /  atm 2  atm

FIGURE 3. Changes in the circulating blood volume in dogs breathing oxygen under pressures of 
1.0 and 2.0 atm

Columns — circulating blood volumes (m l); unhatched portion of the columns — quantity of 
circulating plasma; the asterisks indicate the mass of circulating blood after preliminary subcutaneous 
injection of an atropine solution; the *'+** signs, determinations of the mass of circulating blood 
during the aftereffect period.

O ur r e s u l ts  a g ree  with the investiga tion  data of o th e r  au th o rs . Thus, 
B onnycastle , and C leghorn  (1942) found, using  the E vans dye m ethod in 
106 dogs, th a t the c irc u la tin g  p la sm a  volum e w as w ithin lim its  of 31.8 and 
64.6 m l/k g  (on the a v e rag e , 48.3 m l/k g ). The to ta l c irc u la tin g  blood 
volum e ranged  fro m  60.0 to 107.5 m l/k g  (on the av e rag e , 83.2). The g re a te r  
v a r ia tio n  in  the  f ig u re s  fo r  c irc u la tin g  blood in th e ir  e x p e rim e n ts  a s  com ­
p a re d  with o u r da ta  is  s tr ik in g . T h is, in o u r opinion, is  exp lained  by the 
fac t th a t th ese  au th o rs  m ade th e ir  in v estig a tio n s on u n tra in ed  an im a ls , 
w hich did not re m a in  quiet enough during  the b lood- taking p ro c e d u re .

D uring the b rea th in g  of oxygen u n d er o rd in a ry  a tm o sp h e ric  p r e s s u r e  the 
quantity  of c irc u la tin g  p la sm a  w as fro m  39.1 to  44.0 m l/k g  (averag ing  
41.8 m l/k g ). In 18 out of 21 d e te rm in a tio n s  a  redu c tio n  in th is  f ig u re , by 
an av e rag e  of 12%, w as noted. In only one dog, in 3 out of 6 ex p e rim en ts , 
w ere  the f ig u re s  ob tained  the sam e  a s  fo r  the co n tro l. T ogether w ith a 
redu c tio n  in  the c irc u la tin g  p la sm a  volum e th e re  w as a lso  a red u c tio n  of 
c irc u la tin g  blood volum e. It am ounted, on the av e rag e , to  75.6 m l/k g  with 
ex trem e  f ig u re s  of 66.2 — 83.8 m l/k g . J u s t  a s  in the co n tro l ex p e rim en ts , 
v a r ia tio n s  in  the quantity  of c irc u la tin g  blood w ere  sm a ll and did not exceed  
± 4.2 m l/k g .

U nder an  oxygen p re s s u re  of 2.0 a tm , the quantity  of c irc u la tin g  blood 
p la sm a  in dogs w as, on the av e rag e , 48.1 m l/k g ; the c irc u la tin g  blood 
volum e, 79.7 m l/k g . In 10 out of 13 ex p e rim en ts  the c irc u la tin g  p la sm a  
volum e d e c re a se d  by 11.6%, on the av e rag e , while the m a s s  of c irc u la tin g  
blood d e c re a se d  by 9.4% in nine ex p e rim en ts . T h e re fo re , in th e se  
o b se rv a tio n s  the changes in the c irc u la tin g  blood volum e w ere  in the sam e  
d ire c tio n  a s  during  the b rea th in g  of oxygen under o rd in a ry  p re s s u re .
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A fter p re lim in a ry  a tro p in iza tio n  of the an im a ls , the c irc u la tin g  blood 
volum e did not change o r  even in c re a se d  som ew hat fro m  the n o rm al.

D uring the a f te re ffe c t p e rio d  the f ig u re s  ob tained  fo r  the c irc u la tin g  
blood w ere  the sam e a s  the co n tro l f ig u re s .

D iscu ssio n  of R esu lts

O ur in v estig a tio n s showed tha t in an im als  u n d er the influence of in c re a se d  
oxygen co n cen tra tio n s, a red u c tio n  of the c irc u la tin g  p la sm a  and c ircu la tin g  
blood volum es u su a lly  o c c u rs . The data  which we obtained does not a g re e  
with the r e s u l ts  of in v es tig a tio n s  m ade by H itzen b erg e r and M olenaar (1934), 
who found a red u c tio n  of the hem oglobin and the re d  c e ll count, with som e 
sim u ltan eo u s in c re a se  in the c irc u la tin g  blood volum e, which they  explained 
by the tran su d a tio n  of t is s u e  flu id  into the blood v e s s e ls . T h is d isc rep an cy  
is  ap p aren tly  explained by the fac t th a t the exposu re  to  oxygen w as b rie f  
(20 m in), w h ereas  in  o u rs  it  la s te d  m o re  than  2 h rs .

It is  w ell known tha t c irc u la tin g  blood m a ss  is  c lo se ly  connected  with 
the function of the so - ca lled  blood depots. The sp leen  is  the m ain  o rgan  
p o sse s s in g  the ab ility  to re ta in  blood (Botkin, 1874; B a rc ro f t, 1937). Such 
o rg a n s  a s  the liv e r , lungs, and the su b p ap illa ry  venous p lexus of the skin, 
w here blood m ay be re ta in e d  in co n sid e rab le  am ounts because  of a slow ing 
of the c ircu la tio n , a re  now re g a rd e d  a s  blood depots.

The functions of blood depots a re  connected  with the a c tiv it ie s  of the 
autonom ic n e rv o u s sy stem . B a rc ro f t (1937) showed th a t the denerva ted  
sp leen  s tops co n trac tin g  in re sp o n se  to carb o n  m onoxide in tox ication . As 
has been d e te rm in ed , s tim u la tio n  of the sym pathetic  n erv o u s sy stem  is  
accom panied  by the lib e ra tio n  of blood from  the blood depots and an 
in c re a se  in the c irc u la tin g  blood volum e (Grab, Ja n sse n , and Rein, 1929; 
B a rc ro ft, 1937; and o th e rs) . S tim ulation  of the p a ra sy m p a th e tic  system  
e x e r ts  the opposite  effect (Teplov, 1941).

It is  w ell known th a t the em ptying of the blood depots is  an adaptive 
reac tio n  to conditions re q u ir in g  an in c re a se d  supply of oxygen to the 
t is s u e s  (stren u o u s ac tiv ity , blood lo ss , hypoxem ia, e tc . ). When a s ta te  
of hyperox ia  o c c u rs  in the body, a re ten tio n  of blood in the depots of 
in te rn a l o rg an s is  noted, a s  o u r data has shown. T his is  a sso c ia te d  with 
the reduc tion  of the m inute volum e of the blood d u ring  the b rea th in g  of 
oxygen, a s  has been m entioned  above.

R eduction of the c irc u la tin g  blood volum e should be re g a rd e d  a s  an 
adaptive reac tio n  to in c re a se d  oxygen ten sion . The m echan ism  of th is  
re a c tio n  is  apparen tly  c lo se ly  connected  with stim u la tio n  of the p a ra sy m p a ­
the tic  innervation , a s  is  ev idenced by the fa c t tha t a f te r  p re lim in a ry  
a tro p in iza tio n  of the an im a ls  no redu c tio n  of c irc u la tin g  blood volum e was 
noted. The reduction  of th is  hem odynam ic index under conditions of 
hyperox ia  is  tem p o ra ry , because during  the a fte re ffe c t p e rio d  the quantity  
of c irc u la tin g  blood in the ex p e rim en ta l dogs is  the sam e a s  tha t in the 
co n tro ls .
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C onclusions

1. In dogs b rea th in g  oxygen at p r e s s u r e s  of 1 and 2 atm , a d is tin c t 
red u c tio n  in the c irc u la tin g  blood volum e is  u su a lly  found.

2. Reduction in the c irc u la tin g  blood volum e should be re g a rd e d  a s  an 
adap tive re a c tio n  to an in c re a se d  p a r t ia l  oxygen p re s s u re  in the inhaled  a ir .
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L. I. A ruin and M. G. Ryff

CHANGE IN THE ADSORPTIVE PRO PERTIES OF THE NERVOUS 
SYSTEM AND INTERNAL ORGANS OF WHITE MICE 

DURING OXYGEN- INDUCED CONVULSIONS

(Izm enenie so rb tsionnykh  sv o is tv  nervno i s is te m y  i vnutrennikh  organov 
belykh m yshei p r i  sudorozhnom  d e is tv ii k is lo roda)

The m orpho log ica l su b s tra te  of functional d is o rd e rs  o c c u rr in g  in the 
n ervous sy s tem  and in te rn a l o rg an s  under the influence of in c re a se d  
oxygen p re s s u re  has draw n the in te re s t  of m any in v e s tig a to rs . However, 
co m p ara tiv e ly  re c e n t patho log ical s tu d ies  of an im al o rg an s have rev ea led  
v e ry  s ligh t m orpho log ica l changes (Dionesov, K ravch insk ii, P rik la d o v its -  
kii, Sonin, 1934; Bean, 1945; S m irenskaya  and Romanova, 1958;
Z ag o rsk ii, 1960; and o th e rs ) .

M ethods have now been w orked out fo r  the detection  of fine cy tophysio- 
log ica l changes in t is s u e s  u n d er v a rio u s  functional conditions. In trav ita l 
s ta in ing  is  one of the m ethods su itab le  fo r  th is  pu rpose .

U nder the influence of v a rio u s  chem ica l and p h y sica l agen ts, re v e rs ib le  
m a te r ia l  changes o ccu r in liv ing c e lls  and tis s u e s , a phenom enon which
D. N .N asonov and V. Ya. A leksandrov  (1934) te rm e d  p a ra n e c ro s is . One of 
the s igns of p a ra n e c ro tic  change is  an in c re a se  in the affin ity  of liv ing 
m a tte r  fo r  in tra v ita l  dyes (Nasonov and A leksandrov , 1940; N asonov, 1959). 
This is  d em o n strab le  by m ean s of the m ethod of quantita tive de te rm in a tio n  
of the ad so rb ed  p ro p e r t ie s  of t is s u e s  w orked out by A. A. B raun  and
M. F . Ivanov (1933).

F o r the study of in tra v ita l s ta in in g  of iso la ted  m am m alian  o rg an s,
V. Ya. A lek san d ro v 's  m ethod (1949) h a s  been used . R ecently , in tra v ita l 
s ta in in g  of o rg an s  of in tac t m am m als  h as  been adopted on a b road  sca le  
(M andel'sh tam , 1939; A leksandrov , 1949; Savich, 1952; G rebenskaya,
1958; G ram en itsk ii and M akhover, 1958; K orchak, 1958; Romanov, 1958; 
M akhover, 1959),

The m ethod of in tra v ita l s ta in in g  h as  been su c c e ss fu lly  used  by 
Z. I. B arb ash ev a  and A. G. G ine tsin sk ii (1956) fo r  studying adap ta tion  to 
red u ced  oxygen p re s s u re .

The objec t of the p re se n t study w as to u tiliz e  in tra v ita l s ta in ing  of both 
iso la ted  o rg an s and the in tac t o rg an ism  in o rd e r  to d em o n stra te  the o c c u r­
ren ce  of fine m a te r ia l  changes in the c e n tra l n erv o u s sy stem  and som e 
in te rn a l o rg an s  under cond itions of in c re a se d  oxygen p re s s u re .
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M ethod

The e x p e rim e n ts  w ere  p e rfo rm e d  in a p r e s s u r e  ch am b er 3 1 in volum e, 
on 183 m ale  white m ice  w eighing 17 to 23 g. A fter a two hour fa s t, the 
an im a ls  w ere  p laced  in the ch am b er, w here the oxygen p r e s s u r e  was 
in c re a se d  to  4.2 —4.3 atm  in 1 — 2 m in. The ca rb o n  dioxide conten t in the 
ch am b er ran g ed  fro m  0.3 to 0.5% . The f i r s t  convu lsive  p a ro x y sm s under 
th e se  cond itions o c c u rre d  in 6— 18 m in.

In a sp ec ia l s e r ie s  of co n tro l ex p e rim en ts , convu lsions w ere  induced by 
d ru g s —0.01 % s try ch n in e  n itra te  so lu tion  (0.01 m l/g o f  body w eight) o r  a 1 % 
m e tra z o l so lu tion  (0.1 m l / g  of w eight).

In m o st of the ex p e rim en ts  the e n tire  body w as s ta in ed . A 1 % n e u tra l 
re d  so lu tion  (M erck) w as in jec ted  into the abdom inal c a v itie s  of e x p e r i­
m en ta l and co n tro l an im als , c a lcu la tin g  0.015 m l/g o f  body w eight. At the end 
of the ex p e rim en t a ll the  m ice  w ere  decap ita ted , and the b ra in , sp in a l co rd , 
s u p ra re n a l g lands, and g as tro cn em iu s  m u sc le s  w ere  rem oved . The o rg an s  
w ere  p laced  f i r s t  in R in g e r 's  so lu tion  fo r  20 m in  and then  in  a 2% so lu tion  
of su lfu ric  ac id  in 70% alcohol fo r  the p u rp o se  of e x tra c tin g  the dye. A fter 
s ta in ing , the  b ra in  w as divided into i ts  h e m isp h e re s  and low er p o rtio n s .
A fter 24 h r s  the o rg an s  w ere  taken  out of the alcohol and d ried  to co n stan t 
w eight in an in cu b a to r a t 37°. The co lo red  alcohol w as m e a su re  c o lo r i-  
m e tr ic a lly  on an FEK - M p h o to e lec tric  c o lo r im e te r .

The quantity  of a d so rb ed  dye was e x p re sse d  in re la tiv e  n u m b ers  acco rd in g  
to the fo rm u la

_ read in g  on the ph o to m eter sca le  i000 
weight of d r ie d  tis s u e  (mg)

The f ig u re s  ob tained  in the ex p e rim en t w ere  div ided by the  ca lcu la ted  
fig u re  fo r the co n tro l group d e riv ed  by the sam e m ethod, and the r e s u l ts  
w ere  e x p re s se d  in p e rc e n ta g es .

In one s e r ie s  of ex p e rim en ts  a study  w as m ade of in tra v ita l  s ta in in g  of 
iso la ted  o rg a n s . The m ice  w ere d ecap ita ted  im m ed ia te ly  a f te r  being 
rem oved  from  the ch am b er. The b ra in  w as taken  out f i r s t  and p laced  in 
R in g e r 's  so lu tion  fo r  w a rm -b lo o d ed  an im als  fo r  10 m in. It w as then 
t r a n s f e r r e d  to  a 0.1 % so lu tion  of n e u tra l re d  in R in g e r 's  so lu tion  (without 
sodium  b icarbona te ) fo r  15 m in  a t room  te m p e ra tu re . A fte r s ta in ing , the 
b ra in  w as w ashed in R in g e r 's  so lu tion , s e p a ra te d  a t the boundary  betw een 
the c e reb e llu m  and o lfac to ry  lobes and p laced  in  ac id ified  alcoho l in o rd e r  
to e x tra c t the dye. Study was a lso  m ade of in tra v ita l  s ta in in g  of the sp inal 
co rd , s u p ra re n a l glands and m u sc le s .

The n u m e ric a l da ta  obtained w as analyzed  s ta tis t ic a lly , and the  ro o t-  
m ean - sq u are  e r r o r  w as ca lcu la ted .

R esu lts  of the E x p e rim en ts

In the f i r s t  3 —6 m in a f te r  in c re a se  in the oxygen p re s s u re  to 4.2 atm , 
the m ice  m oved about the  ch am b er, sniffed i ts  w alls, w ashed and sc ra tc h e d  
th e m se lv e s . B eginning with the 6 th—15th m in  the an im a ls  becam e q u ie te r, 
sa t down, and w alked about from  tim e  to tim e . A gainst th is  background the 
p r e c u r s o r s  of oxygen poisoning  u su a lly  ap p ea red  (c irc u s  m ovem en ts, tre m o r
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of the head , s lig h t tw itch ings of the lim b s), a f te r  which a convulsive 
paro x y sm  o c c u rre d , f i r s t  clon ic  and then  ton ic , la s tin g  5 — 15 sec .

At the end of the convulsive a ttack  d eco m p ress io n  was p e rfo rm e d , which 
la s te d  about 3 m in. The an im a ls  w ere  under an oxygen p r e s s u r e  of 4.2 atm , 
a to ta l of 14—35 m in. A fte r d eco m p ress io n  coo rd ina tion  d is o rd e r s  w ere 
so m e tim es  o b se rv ed  in the an im als; how ever, painful s tim u lu s  applied  to 
the hind paw re s u lte d  in re fle x  w ithraw al.

A p a tho log ica l study of the o rg a n s  in th e se  an im a ls  re v e a le d  only v e ry  
s ligh t c irc u la to ry  d is o rd e rs , ch iefly  in the b ra in  in the fo rm  of congestion  
and o ccasio n a l ligh t h e m o rrh a g e s . V ery  s im ila r  changes a re  noted in the 
co n tro l an im a ls  a f te r  decap ita tion . In a num ber of m ice  th e re  w ere  sm all 
a r e a s  of a te le c ta s is .

The r e s u l ts  of the e x p e rim e n ts  u sing  in tra v ita l  s ta in in g  a re  shown in the 
tab le  and on the fig u re .

Adsorptive power of organs at various phases of the toxic effect of oxygen

on the abscissa, phase of the toxic effect of oxygen: 1 — preconvulsive; II — convulsive;
III — imm ediately after reduction of oxygen pressure; IV — aftereffect phase. On the 
ordinate, the dye adsorption (in  percent of the control). 1 — renal hemispheres; 2 — 
lower portions of the brain; 3 — spinal cord; 4 — suprarenal glands; 5 — muscle.

In the f i r s t  s e r ie s  of ex p e rim en ts  a study w as m ade of the ad so rp tiv e  
pow er of the t is s u e s  under the toxic influence of oxygen in the p reconvu lsive  
p e rio d . F o r th is  p u rp o se  the m ouse with dye in jec ted  into i ts  abdom inal 
cav ity  w as p laced  in the  ch am b er and kept under a p r e s s u re  of 4.2 atm  of 
oxygen until the p r e c u r s o r s  of oxygen poisoning  ap p eared . It w as d e te rm in ed  
th a t during  th is  p e rio d  ad so rp tio n  of n e u tra l re d  by the c e re b ra l
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h e m isp h e re s  is  red u ced  to 88.54% (— 11.46±2.3); by the low er p o rtio n s  of 
the b ra in , to 83.6% (— 16.7± 3 .4 ), and by the su p ra re n a l g lands to 65.9%
(—34.1 ± 5 ,5) (see  the figu re).

In the second s e r ie s  of ex p e rim en ts  a study w as m ade of the ad so rp tiv e  
pow er of o rg an s  of an im a ls  which had su ffe red  convulsive p a ro x y sm s in the 
ch am b er a t a p re s s u re  of 4.2 atm . The r e s u l ts  re v e a le d  a d is tin c t in c re a se  
in the s ta in a b ility  of the ce re b ru m  (134.2% o r  +34.2 ± 2.7%); the low er 
p o rtio n s  of the b ra in  (118.8% o r  +18.8± 3.97 %); the sp in a l co rd  (113.1 o r  
+ 13 .1±6.2% ) and p a r t ic u la r ly  the su p ra re n a l glands (160.4% o r  +60.4±7.8% ). 
The ad so rp tiv e  pow er of m u sc le s  rem ain ed  about the sam e (102.3% o r + 2 .3± 
±2.5% ).

In the th ird  s e r ie s  of ex p e rim en ts  a study was m ade of the s ta in ab ility  
of o rg an s  in the postconvu lsive  phase . A fter the a tta c k s  of convulsions the 
m ouse was rem oved  from  the ch am b er and given an in tra p e rito n e a l in jec tion  
of the dye im m ed ia te ly  a f te r  d eco m p ress io n  o r  60 m in a f te r . The s ta in ing  
w as continued 20 m in. The r e s u l ts  of th is  s e r ie s  show a d is tin c t reduction  
of the dye ad so rp tio n  by the b ra in . The g re a te s t  reduc tion  w as noted in 
the ce reb ru m  (82.8% o r —17. 2±2. 0%) ;  a le s s e r  reduction , in the low er 
p o rtio n s  of the b ra in  (93% o r  —7± 2.2%). In the sp inal co rd , on the o th e r 
hand, an in c re a se  w as found in  the ad so rp tiv e  p ro p e rty  (129.1 % o r  
+ 29.1 ±9.1% ). The su p ra re n a l g lands a lso  bound the dye to a g re a te r  extent 
than  the co n tro ls  (117.1% o r  + 17.1 ± 4.6 %) (see the figu re).

Sixty m in a f te r  d eco m p ressio n , reduction  of the ad so rp tiv e  p ro p e r tie s  of 
the ce reb ru m  was p ra c tic a lly  the sam e (83.75% o r — 16. 25±3. 7%) .  The 
low er c e n te rs  of the b ra in  w ere c h a ra c te r iz e d  by a g re a te r  reduction  of 
ad so rp tiv e  p ro p e r tie s  (82.3% o r  — 17.7±7.1% ); in the sp inal co rd  and 
su p ra re n a l glands in c re a se d  adso rp tio n  w as rep laced  by d e c re a sed  
adso rp tio n  (see the fig u re).

A study of the ad so rp tiv e  pow er of the b ra in  and m u sc le s , a lso  in the 
postconvu lsive  phase  but with s ta in ing  of the iso la ted  o rg an s, showed an 
ap p rec iab le  redu c tio n  of the binding of n eu tra l re d  by the ce re b ru m  (85.4% 
o r  — 14.6± 3.6%) (see the tab le).

F inally , in the la s t  s e r ie s  14 p a ire d  ex p erim en ts  w ere p e rfo rm ed .
F ifteen  m in a f te r  the in jec tion  of n e u tra l red  into the abdom inal cav ity  a 
subcutaneous in jec tion  of 0.01% stry ch n in e  n itra te  so lu tion  was given 
(0.01 m l / g  of body weight). A fter 3 — 4 m in, tonic convulsive a ttack s  o ccu rred . 
The ex p e rim en ts  showed tha t the s ta in ab ility  of the ce re b ru m  and low er 
c e n te rs  of the b ra in  did not change, w h ereas  that of the sp inal co rd  in c re a se d  
by 1 V2 tim es  (150.3% o r  + 50 .3±14 .9% ). The opposite  r e s u lt  was obtained 
in s im ila r  ex p erim en ts , w here the convu lsions w ere produced  by the 
in jec tion  of a 1% m e trazo l so lu tion  (0.1 m l/ g of body w eight). An in c re a se  in 
the s ta in ab ility  of the c e re b ra l  c o rtex  (117% o r  +17±  3.9%) and su b c o rtic a l 
nuclei (121% o r  +31 ±4. 3%)  was found. The ad so rp tiv e  p ro p e r t ie s  of the 
sp inal co rd  did not change.

D iscu ssio n  of R esu lts

In an im als  exposed to the effect of c o m p ressed  oxygen a p hasic  change 
o c c u rre d  in in tra v ita l s ta in ab ility  of the c e n tra l  n erv o u s sy stem  and 
su p ra re n a l g lands.
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The f i r s t  (p reconvu lsive) phase  (period  of p r e c u r s o r s  of oxygen poisoning), 
is  c h a ra c te r iz e d  by a red u c tio n  of s ta in a b ility  of the n e rv o u s t is su e .

In the  second  (convulsive) p h ase , th e re  is  an in c re a se  in  the b inding of 
dye by the; c e re b ru m .

A lm ost the sam e in c re a se  in ad so rp tiv e  pow er w as found by S. N. Rom anov 
(1948), who stud ied  the s ta in a b ility  of the c e re b ra l  c o rte x  of r a t s  during  
m ark ed  ex c ita tio n  in  e lab o ra tin g  a conditioned defense re fle x . It m ay be 
co n s id e re d  th a t in c re a se d  a b ility  to bind n e u tra l re d  du ring  the convulsive 
e ffec t of oxygen is  a lso  explained  by excita tio n  of the c e re b ra l  co rtex .

In the th ird  (postconvulsive) ph ase  a redu c tio n  is  again  o b se rv e d  in 
a d so rp tiv e  pow er, which la s ts  an ho u r a f te r  convu lsions c ea se .

R eduction of in tra v ita l  s ta in a b ility  of the b ra in s  of m ice  a f te r  m a rk e d  
ex c ita tio n  re su ltin g  fro m  e le c tr ic a l  s tim u la tio n  of the n e rv e  h as  been 
d e sc r ib e d  by S. N. Rom anov. A s im ila r  b iphasic  change in s ta in a b ility  
(reduction  a f te r  an in c re a se )  h as  been o b se rv ed  by o th e r au th o rs  
(Z arak o v sk ii and Levin, 1953; Golovina, 1958; and o th e rs ) .

R esu lts  of the  in tra v ita l  s ta in in g  m ethod su g g est th a t d u ring  ep ilep tifo rm  
convu lsions p ro d u ced  by the  toxic e ffec t of oxygen the g re a te s t  ex c ita tio n  
o c c u rs  in  the  c e re b ru m . C onfirm ing  th is  s ta te m e n t a re  ex p e rim en ta l 
s tu d ie s  of in tra v ita l  s ta in a b ility  of the c e n tra l  n erv o u s sy s tem  c e n te rs  in 
convu lsions induced by d ru g s with a  w ell- known m ech an ism  of action: 
s try ch n in e , w hich ch iefly  a ffec ts  the sp in a l co rd , and m e tra z o l, w hich a c ts  
on the intt:r- and m idbrain. The experim ents showed that stim ulation of 
th e se  p o rtio n s  of the c e n tra l  n e rv o u s sy stem  a f te r  in jec tion  of the c o r r e s ­
ponding d o ses  of s try ch n in e  and m e tra z o l w as a s so c ia te d  w ith a d is tin c t 
in c re a s e  in th e ir  ad so rp tiv e  pow er.

The question  m ay a r is e  a s  to  w hether changes in ad so rp tiv e  p ro p e r t ie s  
found a f te r  s ta in in g  of the e n tire  o rg an ism  w ere  a r e s u l t  of d is o rd e r s  of 
v a sc u la r  p e rm e a b ility  and hem odynam ics. It is  w ell known th a t oxygen has 
a  v a sc o c o n s tr ic tiv e  effec t. T h e re fo re , during  the p e rio d  of convu lsions a 
red u c tio n  m ight be expected  in the supply of the dye to the o rg an s , re su ltin g  
in red u ced  s ta in ab ility . The in c re a se d  s ta in ab ility  of the b ra in  a t te s ts  to 
in c re a s e  of the dye a d so rp tio n  by n e rv o u s t is s u e . E x p e rim e n ts  with 
in tra v ita l  s ta in in g  on iso la ted  o rg an s  y ie lded  the sam e r e s u l ts  as  ex p e rim en ts  
w ith the e n tire  o rg an ism .

The m ethod of in tra v ita l  s ta in ing  re v e a le d  th a t s u p ra re n a l g lands 
undoubtedly p a r tic ip a te  in the p a th o g en esis  of oxygen poisoning. M ic ro ­
scop ic  s tu d ie s  show ed th a t n e u tra l re d  ch iefly  s ta in s  the m ed u lla ry  
su b stan ce  of the  s u p ra re n a l glands; s ta in in g  of the c o r tic a l su b stan ce  is  
b a re ly  n o ticeab le . A m ark ed  in c re a se  in s ta in ab ility  of the m ed u lla ry  
su b stan ce  du ring  the convulsive p e rio d  m ay be co n sid e red  an index of its  
g re a t a c tiv ity , w hich is  m ain ta ined  in  the next period .

It is  in te re s tin g  th a t the changes in the ad so rp tiv e  p ro p e r t ie s  of m u sc le s  
a r e  so slig h t.

C onclusions

1. The m ethod  of in tra v ita l  s ta in in g  m ak es it p o ss ib le  to d em o n stra te  
e a r ly  cy tophysio log ica l changes in v a rio u s  c e n tra l  n erv o u s sy stem  c e n te rs  
and s u p ra re n a l g lands u n d er the toxic, e ffect of oxygen.
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2. A quantita tive evaluation  of th e se  changes m ade it p o ssib le  to 
d e te rm in e  the follow ing p h a se s  of ad so rp tiv e  p ro p e r t ie s  of the nervous 
system  c e n te rs : in the p reco n v u ls iv e  p e rio d  the ad so rp tiv e  pow er of the 
b ra in  is  reduced; d u ring  the convu lsions such pow er in c re a s e s  co n sid e rab ly , 
and in the postconvu lsive  p e rio d  a redu c tio n  r e - o c c u r s .  Of a ll the  nervous 
system  c e n te rs , the c e re b ra l  c o rtex  showed the g re a te s t  changes.

3. A study  of the ad so rp tiv e  p ro p e r tie s  of the su p ra re n a l g lands showed 
that the developm ent of oxygen poisoning  is  accom pan ied  by d is tin c t changes 
in dye ad so rp tio n  a t v a rio u s  p h a se s  of the toxic effect of oxygen. T his 
ap p aren tly  in d ica tes  th e ir  co n sid e rab le  p a r t  in the p a th o g en esis  of oxygen 
poisoning.
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G. L. Z a l'tsm a n , I. D. Z inov 'eva, S. D. K um anichkin, and A.V. Turygina

EXPERIENCE IN THE COMPREHENSIVE STUDY OF THE CONDITION 
OF SOME SYSTEMS OF THE HUMAN BODY UNDER INCREASED 

OXYGEN PRESSURE

(Opyt kom pleksnogo izucheniya sostoyaniya nekotorykh s is tem  o rg an izm a 
cheloveka v usloviyakh povyshennogo davleniya k islo roda)

D espite the la rg e  num ber of p a p e rs  on the tox ic ity  of in c re a se d  oxygen 
p re s s u re s ,  its  e ffect on m any hum an body functions re m a in s  inadequately  
studied . Thus, no sp ec ia l investiga tion  h as  been m ade of the hum an m otor 
system  under conditions of an in c re a se d  oxygen p re s s u re .  A study of 
h ig h er n erv o u s ac tiv ity  by the conditioned- re flex  m ethod (Z hironkin , 1935; 
R ikkl' and K rivosheenko, 1948; Zilov, 1953) and by the e lec tro en cep h a lo - 
graph ic  m ethod (Lennox and Behnke, 1956; G ersch  and Cohn, 1944;
Stein, 1955; A lekseev, 1957; Chan—chun, 1960; and o th e rs )  has been 
m ade only on an im a ls .

The functions of the hum an c a rd io v a sc u la r  and r e s p ir a to ry  sy s tem s  
under conditions of in c re a se d  oxygen p re s s u re  have been stud ied  by m any 
au th o rs . It h as  been d e te rm in ed  tha t in itia lly  a slow ing of the pu lse  and 
re s p ira tio n  o ccu rs ; subsequently , in the toxic phase , an in c re a se  in th e ir  
frequency  and in blood p re s s u re  is  o b served . One of the e a r ly  s igns of 
the toxic e ffec t of oxygen is  co n str ic tio n  of the p e r ip h e ra l v isu a l fie ld s  
(Behnke, F o rb es  and M otley, 1936).

The aim  of the p re se n t in v estiga tion  was to study co m p reh en siv e ly  the 
functions of a num ber of sy s te m s  in m an — c e n tra l nervous sy stem , 
m otor, c a rd io v a sc u la r , and r e s p ira to ry  — under the in itia l toxic effect 
of oxygen.

Method

The s tu d ies  w ere  m ade on th re e  su b jec ts  (d iv e rs , 21 — 23 y e a r s  of age) 
in a d ry  co m p ress io n  ch am b er. The su b jec ts  b rea th ed  oxygen through a 
face  m ask  in se lf-  contained  b rea th in g  a p p a ra tu se s  (the oxygen content was 
90—93%). By supplying c o m p re sse d  a ir ,  the p r e s s u re  in the ch am b er 
w as ra is e d  to 3.5 atm  in 2— 3 m in. T h is p r e s s u re  was the sa fe s t  and m ost 
convenient fo r  studying the in itia l s ta g e s  of oxygen poisoning.

The h e a r t and re s p ira to ry  r a te s  w ere  re c o rd e d  on an M PO - 2 o sc il lo ­
graph  by m eans of sk in  e le c tro d e s*  and a ca rb o n - con tac t pickup. The 
blood p re s s u re  was re c o rd e d  on an a r te r ia l  o sc illo g rap h . The v isu a l fie ld s  
w ere  de te rm in ed  on a p o rtab le  p e r im e te r .

* An EKP-5M electrocardiograph was used as an amplifier.
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The m u sc le  ac tion  c u r re n ts  w ere  taken  from  the f lex o r d ig ito rum  
com m unis of the rig h t fo re a rm , and re c o rd e d  on an  EM G- 4- OTM 
e lec tro m y o g rap h . With the u se  of g raded  load s the re c o rd  of ac tion  
c u r re n ts  w as m ade a s  fo llow s: on an e rg o g rap h  with a weight of 4 kg
su p p o rted  by index fin g e r, and by c o m p re ss io n  of a hand dynam om eter 
with fo rc e s  of 8, 16, and 32 kg. The loads w ere  changed a t o n e -m in u te  
in te rv a ls .

The e lec tro en cep h a lo g ram  was re c o rd e d  on a su b jec t s ittin g  qu ietly  
with h is  ey es  open. The c e re b ra l  action  c u r re n ts  w ere  tapped  u n ifo rm ly  
by m ean s of sk in  e le c tro d e s  from  a re a s  co rre sp o n d in g  to the p ro je c tio n s  
of the v isu a l c e n te r  and m o to r c e n te r  of the r ig h t u p p er e x tre m ity . The 
ac tion  c u r r e n ts  w ere am plified  by m ean s of sp ec ia l vo ltage a m p lif ie rs  
and re c o rd e d  on an M PO- 2 o sc illo g rap h .

The h ig h e r n e rv o u s a c tiv ity  w as stud ied  by m ean s of the follow ing te s ts ,  
l is te d  acco rd in g  to  the  sequence of app lication : inv estig a tio n  of a 
p re v io u s ly  e la b o ra te d  m o to r re fle x  (p re s su re  on a p edal in re sp o n se  to a 
lam pligh t) and delayed re f le x e s  (p re s s u re  on a pedal in re sp o n se  to a re d  
light, with a lag  of 20 sec); d e te rm in a tio n  of m axim um  d isc r im in a tio n  of 
lig h ts  of d iffe ren t b rig h tn e sse s ; p e rfo rm a n c e  of a v e rb a l ex p erim en t 
(5— 10 stim u lu s  w ords) with a subsequen t check on m em ory ; d e te rm in a tio n  
of the c r i t ic a l  f l ic k e r  freq u en cy  of a b lack and white d isc  o r  the c r i t ic a l  
freq u en cy  of s tim u li on an  F F S -O l com bination  photic and audio s tim u la to r . 
The ass ig n m en t w as given to draw  a fig u re  and w rite  in sc r ip tio n s  fo r  it; 
a f te r im a g e s  o c c u rr in g  a f te r  a th r e e -  second exposu re  to a lum inous c irc le  
with a black diam ond in the m iddle w ere  de te rm in ed .

The p ro c e d u re  fo r  the in v estiga tion  was the following: e le c tro en cep h a lo - 
g rap h ic  tra c in g , a study of h ig h er nervous ac tiv ity , re c o rd  of the ind ices  
of cond itions of the c a rd io v a sc u la r  and r e s p ir a to ry  sy s te m s , and, finally , 
an e lec tro m y o g rap h ic  re c o rd . A ll the s tu d ies  w ere in itia lly  m ade in a 
ch am b er u n d er o rd in a ry  conditions, while b rea th in g  a i r ,  and then ev ery  
h a lf -h o u r  while un d er p r e s s u re .  The su b jec ts  w ere constan tly  o b se rv ed  
during  th e ir  tim e  in the ch am b er. E ach sub jec t w as exposed tw ice to  the 
e ffec t of in c re a se d  oxygen p re s s u re .

R esu lts  of the  Investiga tions

U nder cond itions of in c re a se d  oxygen p re s s u re  the su b jec ts  show ed the 
follow ing s ig n s. D uring the f i r s t  hour in c re a se d  in te s tin a l p e r is ta ls is  was 
noted. A fte r one hour and 32 m in  to  one hour and 54 m in the su b je c ts  
com plained  of p a in s  behind the s te rn u m , lab o red  re sp ira tio n , headache, a 
b lack  sh ro u d  b efo re  the eyes, and num bness of the f in g e rs . At the sam e  
tim e , a d ila ta tio n  of the pup ils , fa c ia l p a llo r , and in c re a se d  p e rs p ira tio n  
w ere  o b se rv ed . With in c re a se  in th e se  phenom ena the su b jec ts  w ere  
sh ifted  to  b rea th in g  a i r .  U sually  th is  o c c u rre d  a f te r  being un d er p r e s s u re  
1 hour and 55 m in to  2 h o u rs  and 35 m in.

Special s tu d ies  of the cond itions of c e r ta in  body sy s te m s  re v e a le d  the 
follow ing. W hile b rea th in g  oxygen u n d er p r e s s u re  the su b je c ts  show ed a 
g radua l red u c tio n  in the freq u en cy  of c a rd ia c  co n trac tio n s  (by a m axim um  
of 11 — 19 b ea ts  p e r  m in) with a  s im u ltan eo u s in c re a se  in blood p re s s u re .  
No pronounced  changes in the r e s p ir a to ry  ra te  w ere noted. The p e r ip h e ra l 
v isu a l f ie ld s  did not change.
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At the end of the p e rio d  of b rea th in g  oxygen, in th re e  in s ta n c e s  an 
in c re a s e  in the h e a r t  r a te  w as noted. In a ll su b je c ts  the blood p r e s s u r e  
in c re a se d : the sy s to lic , by 10— 18 m m ; the d ia s to lic , by 21 — 25 m m . 
With the ap p ea ran ce  of r e t r o s te r n a l  pain, an  in c re a s e  in the  r e s p i r a to ry  
ra te  by 4 — 10 p e r  m in w as o b se rv ed . In two c a s e s  a  co n s id e ra b le  
c o n cen tr ic  n a rro w in g  of the p e r ip h e ra l v isu a l f ie ld s  w as o b se rv e d  
(F ig u re  1).

FIGURE 2 . Change in action currents from the flexor communis digitorum o f the 
right forearm on squeezing a dynamometer with a force of 32 g

1 — under normal pressure conditions while breathing air; 2 — after 10 m in of 
being under increased oxygen pressure; 3 — after 40 min; 4 — after 2 hrs and 
10 min; 5 — 35 min after switching over to breathing air. T im e marking —
0.1 second intervals.

The EMG changes w ere  noted a s  e a r ly  a s  the f i r s t  tra c in g s  — in the 
10—30th m in  u n d er p r e s s u r e  (F ig u re  2). The freq u en cy  and am plitude  of 
the  ac tio n  p o te n tia ls  in c re a se d  co n sid e rab ly  o v e r the in itia l f ig u re s . At 
the end of the tim e  un d er p r e s s u r e  the frequency  of the ac tio n  p o te n tia ls  
in c re a se d  41 — 108%; the am plitude, 75 — 180%. T h e re  w as a d ire c t 
re la tio n sh ip  betw een the am plitude  of the ac tio n  p o te n tia ls  and the fo rc e  
app lied . No changes w ere  noted in the g en e ra l EMG s tru c tu re .

C hanges in the e lec tro en cep h a lo g ram  of the v isu a l a re a  w ere  noted  a s  
e a r ly  a s  the f i r s t  t ra c in g s , 3 m in a f te r  com pletion  of c o m p re ss io n  
(F ig u re  3, No. 2). The wave frequency  in c re a se d  to 45 p e r  se c , and 
s e p a ra te  p eak s a p p ea red  with am p litu d es of 20—60 m ic ro v o lts . At the end 
of the f i r s t  h ou r an  in c re a se  w as o b se rv ed  in the am plitude  of the w aves.
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and th e re  w ere  a la rg e  num ber of h ig h -v o ltag e  p eak s (40— 180 m ic ro v o lts) 
(F igu re  3, No. 3). At the end of the second hour, reduc tion  in the 
am plitude of the  w aves and m u ltip le  p eak s w ere  noted (F ig u re  3, No. 4).

FIGURE 3. Action currents of the optic area

1 — under normal pressure conditions while 
breathing ait) 2 — after 3 min of being under 
increased oxygen pressure; 3 — after 1 hr;
4 — after 2 hrs of being under increased oxygen 
pressure.

FIGURE 4, Frequency of fusion of photic and audio 
stimuli under an oxygen pressure of 2.5 atm

On the abscissa, frequency of the stim uli per sec; 
on the ordinate, tim e spent under pressure (in  m in ). 
1 — frequency of fusion of photic stimuli; 2 — 
frequency of fusion of audio stim uli.

A ppreciab le  changes in the e lec tro en cep h a lo g ram  of the m o to r c e n te r  
w ere  re c o rd e d  only a f te r  an hour u n d er in c re a se d  oxygen p re s s u re .  Low- 
voltage peak s and slow w aves (10— 12 p e r  sec) ap p eared . A fte r 1.5 h r s  
the num ber of peaks in c re a se d . Subsequently, th is  p ic tu re  did not change 
ap p rec iab ly .

C hanges in h ig h er nervous ac tiv ity  o c c u rre d  a s  e a r ly  a s  the f i r s t  5 and 
10 m in of b rea th in g  oxygen un d er p r e s s u re .  A s lig h t in c re a se  w as noted 
in the la ten t perio d  of m o to r and v e rb a l re a c tio n s  (by 8 — 14%), and th e re  
w as a reduction  in the m o to r and delayed re f le x e s  (by 15—30%). A fter 
2 — 2.5 h r s  of being under p r e s s u re  th e se  changes d e c re a se d  som ew hat.
The o th e r te s ts  and p ro b lem s, including such com plica ted  ones a s  te s ts  
of m axim um  d isc rim in a tio n , delayed  re fle x e s , a v e rb a l ex p erim en t with 
a check on m em ory , and draw ing w ere  c a r r ie d  out the sam e way under 
in c re a se d  oxygen p re s s u re  a s  under n o rm a l p re s s u re .
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T h ere  w as a co n sid e rab le  red u c tio n  of the c r i t ic a l  freq u en cy  of photic 
and audio s tim u li; changes in th e se  in d ices  p ro ceed ed  in p a ra l le l .  The 
m axim um  red u c tio n  tow ard  the end of the tim e  under p r e s s u re  w as 20—60% 
(F ig u re  4). A fte r ha lf an hour under p r e s s u re ,  pronounced  changes a lso  
o c c u r re d  in the la te n t p e rio d , co lo r  and shape of the a f te r -  im ag es.

D iscu ss io n  of R esu lts

The c lin ica l m an ife s ta tio n s  of the toxic effect of oxygen (fac ia l p a llo r , 
num bness of the tip s  of the f in g e rs , lab o red  re s p ira tio n , and o th e rs )  
o c c u rr in g  a f te r  1 ho u r and 32 m in  to 1 hour and 54 m in  ind ica te  d is o rd e r s  of 
the au tonom ic n e rv o u s sy s tem  functions. S im ila r  m an ife s ta tio n s  of the 
to x ic ity  of oxygen have been d e sc r ib e d  p re v io u s ly  by m any a u th o rs .

The red u ced  p u lse  and r e s p ir a to ry  r a te s  o c c u rr in g  u n d er in c re a se d  
oxygen p re s s u r e  ag a in st a background of v e ry  s lig h t change in blood 
p re s s u r e  m ay be in te rp re te d  a s  an adap tive re a c tio n , in acco rd an ce  with 
th e  id e a s  of o th e r  a u th o rs  (Behnke e t a l . , 1936; H aldane and P r ie s t le y ,
1937; Z hironkin , 1955; Sorokin, 1960; and o th e rs ) . Subsequent in c re a se  
in the r e s p i r a to r y  and p u lse  r a te , in c re a s e  of blood p re s s u re ,  and 
c o n s tr ic tio n  of the p e r ip h e ra l  v isu a l f ie ld s  ind ica te  functional d is o rd e r s  of 
the c a rd io v a sc u la r  and r e s p i r a to ry  sy s te m s , which is  a lso  in  a g reem en t 
w ith the opinion of o th e r  au th o rs  (Behnke e t a l . , 1956; H aldane and 
P r ie s t le y , 1937; Z hironkin , 1955; Sorokin, 1960; and o th e rs ) .

The a b ility  to  a c c u ra te ly  p e rfo rm  the p h y sica l e x e rc is e s  a ss ig n ed  under 
in c re a se d  oxygen p r e s s u r e  lead s U 6  to be lieve  th a t no pronounced  functional 
d is o rd e rs  of the  m o to r sy s tem  o c c u rre d  in the su b jec ts . H ow ever, the 
sam e  e x e rc is e s  w ere  p e rfo rm e d  with in c re a se d  b io e le c tr ic a l ac tiv ity  of the 
m u sc le s . T h is su g g ests  th a t e ffic iency  is  m a in ta ined  un d er in c re a se d  
oxygen p r e s s u r e  in  the p re se n c e  of co n s id e ra b le  s tim u la tio n  of the  m o to r 
s y s te m .

C hanges in the e lec tro en cep h a lo g ram  un d er cond itions of in c re a se d  
oxygen p r e s s u r e  w ere  s im ila r  to  tho se  o b se rv ed  in the p reco n v u ls iv e  s ta te  
by m any au th o rs . The e a r l ie r  and g re a te r  changes in  the ac tion  c u r re n ts  
of the op tic  a r e a  should be noted.

T hat the su b je c ts  could s ti l l  c a r r y  out such co m plica ted  re a c tio n s  as 
m axim um  d isc rim in a tio n  of ligh t in ten sity , delayed  re f le x e s , and the v e rb a l 
ex p e rim en t u n d er in c re a se d  oxygen p r e s s u r e  le a d s  u s  to be lieve  th a t the 
com plex  c o r tic a l functions (an a ly tica l-  syn thetic  ac tiv ity , p ro c e s s e s  of 
in te rn a l inh ib ition , fine m o to r coo rd ination , and o th e rs )  do not change 
su b s ta n tia lly . The s lig h t changes in  the la ten t p e r io d s  of the  v e rb a l and 
m o to r re a c tio n s  and in the m agn itudes of the la t te r ,  a s  w ell a s  the 
co n s id e ra b le  changes in  the a f te r -  im ag es and c r i t ic a l  fre q u e n c ie s  of photic 
and audio s tim u li o b se rv ed , m ay be exp lained  by the change in the 
functional condition  of the b ra in  and p o ss ib ly  of the lab ility  of the c e n te rs . 
The changes ap p e a r f i r s t  in  the se n so ry  c e n te rs .

C om paring  the  r e s u l ts  ob tained  by d iffe ren t m ethods of in v estig a tio n , it 
should be noted th a t it  w as p o ss ib le  to d em o n stra te  a n um ber of la ten t 
changes in  a su b jec t as e a r ly  a s  the f i r s t  few m in u tes  u n d er in c re a se d  
oxygen p r e s s u r e .  The g re a te s t  changes o c c u rre d  in  the v isu a l and, p o ssib ly .
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au d ito ry  a n a ly z e rs  (change in the ac tion  c u r re n ts  of the optic a re a , reduction  
of the c r i t ic a l  frequency  of photic and audio s tim u li, and change in the 
dynam ics of a f te r -  im ages). H ow ever, desp ite  th e se  changes the com plex 
behav io ra l re a c tio n s  w ere re ta in ed . T h e re fo re , it m ay be co n sid e red  that 
changes d em o n stra ted  in the c e n tra l  nervous system  a re  com pensated  fo r 
a s  a re  changes in the m o to r and c a rd io v a sc u la r  sy s tem s .

Subsequently, with the ap p earan ce  of pa thological s igns of oxygen 
poisoning  (labo red  in sp ira tio n , r e t ro s te rn a l  pain, black shroud  befo re  the 
eyes, fac ia l p a llo r , abundant p e rsp ira tio n , and d ila ta tion  of the pupils) 
d is o rd e rs  w ere  a lso  noted in the c a rd io v a sc u la r  and re s p ira to ry  sy s tem s: 
in c re a se  in the h e a r t  and re s p ira to ry  ra te s , in c re a se  in blood p re s s u re ,  
and c o n s tr ic tio n  of p e r ip h e ra l v isu a l fie ld s . No new su b stan tia l changes 
o c c u rre d  in the o th e r sy s te m s  stud ied .

C onclusions

1. The e a r l ie s t  changes o c c u rr in g  in the hum an body under the influence 
of high p a r t ia l  oxygen p r e s s u r e s  and th e ir  subsequent dynam ics can be 
d em o n stra ted  with s im u ltaneous investiga tion  of the physio log ica l functions 
of a num ber of sy s tem s  (c e n tra l nervous sy stem , m o to r, c a rd io v a sc u la r , 
re s p ira to  ry).

2. In the in itia l p e rio d  under in c re a se d  oxygen p re s s u re  the functional 
changes reco rd ed  in the body sy s te m s  w ere com pensated  fo r  and did not 
ap p ear a s  b ehav io ra l re a c tio n s .
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N. Y a.S idorov

METHOD OF DETERMINING THE HEMODYNAMIC INDICES 
IN LONG- TERM EXPERIM ENTS ON DOGS UNDER A HIGH PARTIAL 

PRESSURE OF OXYGEN (IN A PRESSURE CHAMBER)

(K m etodike o p red e len iy a  gem odinam ichesk ikh  p o k aza te le i v 
khron ichesk ikh  opytakh na sobakakh p r i  vysokom  p a r ts ia l 'n o m  davlen ii 

k is lo ro d a  (v b aro k am ere))

One of the im p o rtan t in d ices  in the effect of a high p a r t ia l  oxygen p re s s u re  
on the body is  the change in c a rd io v a sc u la r  functions. T h is p rob lem  has 
been sp ec ia lly  stud ied  on hum an beings, ch iefly  at p r e s s u r e s  no g re a te r  
than 3 atm , d u ring  the in itia l p e rio d  of the ac tion  of oxygen and un til i ts  
convulsive effect began (A lveryd and B rody, 1940; Zhironkin , Panin ,
Sorokin, F a rb e r , 1947; and o th e rs) .

With an im als , s tu d ie s  of the c a rd io v a sc u la r  sy stem  m ay be m ade p r io r  
to and during  the convulsive p erio d . U ntil re c e n tly  such s tu d ies  w ere  m ade 
only in sh o r t-  te rm  ex p e rim en ts . Blood p re s s u re  dynam ics under th e se  
conditions, have been stud ied  on dogs by B ean and R o ttsch affe r (1937),
P . M. G ram en itsk ii, P . A. Sorokin (1964), and o th e rs .

C lin ica lly , fo r  the p u rp o se  of judging the hem odynam ic changes in the 
body, a num ber of in d ices  a re  de te rm in ed : blood p re s s u re ,  a r te r ia l  
e la s tic ity , pu lse  r a te , s tro k e  volum e, p e r ip h e ra l r e s is ta n c e , and o th e rs  
(Savitskii, 1936, 1956; K ositsk ii, 1959; A rinchin , 1961; W iggers, 1957).

In o u r investigationa_a_study was m ade of the follow ing ind ices: blood 
p re s s u re  (d iasto lic , la te ra l  sy sto lic ), the ra te  of p ropagation  of the pu lse  
wave a s  an index of the tone in  the la rg e  a r te ry  (P ra v d ic h -N e m in sk ii, 1950; 
Sav itsk ii, 1956; A rinchin , 1961), the pu lse  (by the e le c tro c a rd io g ra m ) and 
the r e s p ira to ry  ra te s .

M ethod of Investigation

In w orking out the m ethod we encoun tered  co n sid e rab le  d ifficu lties , 
which n e c e ss ita te d  p e rfo rm in g  the ex p e rim en ts  a t a high b a ro m e tr ic  
p re s s u re .

/ The ex p erim en ts  w ere  p e rfo rm e d  in a s tee l p r e s s u re  ch am b er with a 
cap ac ity  of 100 1. E le c tr ic  w ire s  fo r  re c o rd in g  the p ro c e s s e s  w ere 
in troduced  through the stuffing  box of the cham ber.

As with the o th e r ind ices, the e le c tro c a rd io g ra m  from  the e le c tro c a rd io ­
graph  a m p lif ie r  was re c o rd e d  on an M PO- 2 o sc illo g rap h . The r e s p ira to ry
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and p u lse  w aves of the c a ro tid  a r te r ia l  w all w ere  recordedT>y m ean s  of 
c a rb o n - con tac t p ickups, which w ere  m ade of pow dered ca rb o n  and nipple 
ru b b e r* . F o r  the p u rp o se  of in c re a s in g  the se n s itiv ity  of the p ickups, the 
la t te r  w ere  s e t  up w ith p e rm an en t r e s i s to r s  in a b ridge  c irc u it  (Sukachev, 
1954).

-Our tra c in g s  of the p u lse  w aves of the c a ro tid  a r te r y  m ade it  p o ss ib le  
to d e te rm in e  the  tim e  of m ech an ica l sy s to le  (from  the beginning of the 
an ac ro tic  wave to  the  in c isu ra ) , the tim e  of d ia s to le , and the to ta l p e rio d  
of the c a rd ia c  cycle  (F ig u re  1). T his da ta  is  n e c e s s a ry  in ca lcu la tin g  the 
s tro k e  volum e of the h e a r t  acco rd in g  to  the B re m s e r -  Ranke fo rm u la  (1931). 
The re c o rd  of p u lse  w aves of the c a ro tid  a r te r y  w as a lso  u sed  fo r  
d e te rm in in g  the ra te  of p ropagation  of the  p u lse  wave by the  V. V. P ra v d ic h - 
N em insk ii m ethod  (1950). T h is m ethod  m ak es p o ss ib le  s im u ltan eo u s 
re c o rd in g s  of the  e le c tro c a rd io g ra m  and pu lse  w aves of the c a ro tid  a r te r y  
in  any one sec tio n .

FIGURE 1. Determination of the rate of propagation of the pulse wave by the 
Pravdich-Neminikii method

From top down: pulse waves of the carotid artery; tim e marking — 0,002 sec;
EGG — second lead. Rate of movement of the tape — 250 m m /sec; the arrow 
indicates the incisura.

In dogs, blood p re s s u re  was m e a su re d  in the c a ro tid  a r te r y  fro m  an 
e x te r io r iz e d  sk in  flap  by the tach o o sc illo g rap h ic  m ethod of N. N. S av itsk ii 
du ring  the p e rio d  of cuff c o m p ress io n . We could not u tiliz e  the S av itsk ii 
m ech an o card io g rap h , w hich p ro v id es  fo r  c lin ic a l re c o rd in g  of ta c h o o sc il-  
lo g ra m s  (d iffe ren tia l c u rv e s)  because  of i ts  u se  of a i r  t ra n s m is s io n  of 
a r te r ia l  o sc illa tio n s  and of o p tica l reco rd in g . It w as im p o ss ib le  to u se  
the  a r t e r i a l  A 0 2 - 01 o sc illo g rap h , p roduced  by the SKTB "B io fizp rib o r" , 
b ecau se  with in c re a s e  in p r e s s u re  and, acco rd in g ly , in c re a se  in the gas 
d ensity , th e re  is  a change in the d iffe ren tia tin g  pow er of the d iffe re n tia l 
A 0 2 - 01 p ie z o e le c tr ic  m an o m e te r, by m ean s of which a d is tan ce  re c o rd in g  
of the tach o o sc illo g ram  m ay be m ade a t n o rm al b a ro m e tr ic  p r e s s u re .

In s tead  of the A 0 2 - 01 p ie z o e le c tr ic  d iffe ren tia l m an o m e te r we used  a 
p ie z o c ry s ta l, w hich h as  d iffe ren tia tin g  p ro p e r t ie s  in  the a r e a  of m ech an ica l 
f re q u e n c ie s  fro m  0 to 50 /s e c , i. e ., the  EM F which o c c u rs  on i t s  edges is  
a  function  of the  change in  freq u en cy  of the m ech an ica l e ffec t (signal) on the 
c ry s ta l  (T urig in , 1959). B ecause  the p ie z o c ry s ta l e lim in a te s  in te rfe re n c e  
fro m  the a i r  gap of the  cuff, connecting  tubes, and d iffe ren tia l m an o m ete r, 
its  u se  c o n sid e rab ly  s im p lif ie s  and re n d e rs  m o re  sen s itiv e  the d iffe ren tia l 
re c o rd in g  sy s tem .

The cap ac ity  of the  p ie z o c ry s ta l fo r  tra n s fo rm in g  n o n e le c tr ic a l s ig n a ls  
into e le c tr ic a l  ones h a s  been w idely applied  in m ed ica l p ra c tic e  (Langevin

* The resistance of the carbon-contact pick-up for recording the pulsations of the carotid artery was about 
2,000 ohms; for recording respiration, about 1,200 ohms.
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and Hom ez, 1933, 1934; L epeshinskaya, 1943; G rinsh te in , B ragina, 
and Goryd, 1954; Shvang, Fedorov, 1954; M arshak , 1956; Naum enko, 
1957; K ositsk ii, 1959; B abskii, 1963; and o th e rs); how ever, we have 
found no ind ica tions in the ava ilab le  l i te ra tu re  of the p ie z o c ry s ta l being 
used  fo r  reco rd in g  the d iffe ren tia l blood p re s s u re  cu rve  in long- te rm  
ex p erim en ts  on an im als  under an in c re a se d  b a ro m e tr ic  p re s s u re .

The p ie z o c ry s ta l has a num ber of defec ts: f ra g ility , in c re a se d  hygro- 
scop ic ity , and a sen s itiv ity  to te m p e ra tu re  changes. H owever, if the 
p ie z o c ry s ta l is  s e t  in an a ir tig h t capsu le  m ade of P lex ig la s  (F igu re  2) the 
influence of th e se  defec ts  on the accu racy  of the m easu rem en t can e a s ily  
be e lim inated .

FIGURE 2. Diagram of the arrangement of an airtight 
Plexiglas capsule for the piezocrystal

1 — piezocrystal; 2 — rubber gasket 0.5 mm thick;
3 — outlet contacts from the piezocrystal; 4 — body of 
the capsule; 5 — projection of the capsule; 6 — points 
of attachment of the piezocrystal to the rubber gasket.

The signal from  the p ie z o c ry s ta l is  d irec ted  to the e lec tro c a rd io g ra p h  
am p lifie r o r  a U B F- 01 a m p lif ie r  m ade a t the SKTB "B io fizp rib o r. "

The frequency  c h a ra c te r is t ic  of the am p lifie r in fluences the shape of 
the d iffe ren tia l cu rve . In w orking on the U B P- 01 with a frequency  f i l te r  
(below 10 c y c le s /s e c  and above 1000 c y c le s /s e c )  tne d iffe ren tia l cu rve  
re c o rd e d  is  v e ry  s im ila r  to the tach o o sc illo g ram  (F igure  3).

The differential curves recorded from the p iezocrysta l under norm al and 
in c re a se d  p re s s u re s  a re  the sam e . In te rp re ta tio n  of the d iffe ren tia l cu rve  
fro m  the p ie z o c ry s ta l was m ade by the tach o o sc illo g rap h ic  m ethod. The 
appearance  of the f i r s t  d is tin c t negative wave in the low er p o rtio n  of the 
d iffe ren tia l cu rve  co rre sp o n d s  to the m inim um  p re s s u re ;  the ap p earan ce  
of the m axim um  o sc illa tio n s , to the la te ra l  sy s to lic  p r e s s u re .  On the 
leve l of the la te ra l  sy s to lic  p r e s s u re  the positive  w aves d e c re a se  in 
am plitude (Savitskii, 1956).

F o r m easu rin g  blood p re s s u re  un d er p r e s s u re  ch am b er conditions, 
a sp ec ia l sy stem  w as w orked out fo r  co m p ress in g  the c a ro tid  a r te ry  
e x te r io r iz e d  in a  skin flap  so th a t the ex p e rim e n te r, who w as ou tside  the 
ch am b er, could m ake at w ill a blood p re s s u re  re c o rd  (F igu re  4). The 
p rin c ip le  of o p era tion  of the a r te r ia l  c o m p ress io n  sy stem  is  tha t with the 
valve of the sm a ll tank open the gas, which is  under a p r e s s u re  of 150 atm .
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goes through a re d u c e r  to the  cuff se t 
on the v a sc u la r  flap . If valve 2 is  
c lo sed , th e re  is  an in c re a se  in 
p r e s s u re  in the cuff when the gas 
e n te rs , and the blood v e s se l is  co m ­
p re s s e d . With valve 2 open deco m ­
p re s s io n  o c c u rs , and the p re s s u r e  in 
the cuff is  red u ced  to the lev e l of 
p r e s s u r e  in the ch am b er. D uring the 
ex p erim en t valve 2 is  c lo sed  only 
during  the m e a su re m e n t of the blood 
p re s s u re .

F o r d is tan ce  re c o rd in g  of the 
p r e s s u r e  change w ithin the cuff, u se  
w as m ade of gauges se t on the d ia ­
phragm  of a P le x ig la s  cap su le  which 
was connected  to  the cuff th rough a 
T -p ie c e  (F ig u re  4). The sig n a l from  
the s tr a in  gage w as d ire c te d  to a 
sp ec ia l a m p lif ie r  ( s tra in  gage p o s i­
tion) and then to the r e c o rd e r .  W ithin 
the lim its  of the p r e s s u r e s  m e a su re d  
from  0 to 240 mm a linear relationship  
o c c u rre d  betw een the value of the 
p r e s s u re  in the cuff and the read in g s  
of the s tr a in  gages (B abskii, G urfinkel’, 
1954; L iberm an , 1958; Antonov, 
V asilevsk ii, N aum enko, Sazonov, 1961; 
and o th e rs).

D uring the co u rse  of the w ork the 
s tr a in  gages w ere  c a lib ra te d  fro m  
tim e  to tim e  with a m e rc u r ia l  m ano­
m e te r . A fte r the c a lib ra tio n  a r e s i s t ­
ance of 50 k ilohm s w as put into the 
c irc u it , which th rew  the b ridge  out of 
balance (Mi ,  F ig u re  3). T h is lo s s  of 
balance in the b ridge  subsequen tly  
se rv e d  a s  a s tan d ard  co n tro l s igna l 
before  each  blood p r e s s u r e  m e a s u re ­
m ent fo r  d e te rm in in g  the  gain of the 
s tr a in  gage position . F o r  the p u rp o se  
of e lim in a tin g  e r r o r s  in tro d u ced  by 
inconstancy  of the gain, g rap h s  w ere 
draw n showing the re la tio n sh ip  betw een 
the output s igna l when c a lib ra te d  a s  a 
function  of the gain. With c o n s id e ra tio n  
of th is  re la tio n sh ip , the tru e  blood 
p re s s u re  value w as de te rm in ed .

The m inim um  p re s s u re ,  a s id e  
fro m  re c o rd in g  by the tach o o sc illo -  
g raph ic  m ethod, w as m e a su re d  by a 
ca rb o n - con tac t p ick - up with the u se  of
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the F rank  W ezler m ethod (1931). T hese au th o rs  suggested  dete rm in in g  
the m inim um  p re s s u re  at the tim e  of o c c u rre n ce  of the negative wave 
befo re  the an ac ro tic  wave of the sphygm ogram  o r  the pointed peak on the 
an ac ro tic  wave, the "p re a n a c ro tic "  phenom enon. T h e ir data has been 
con firm ed  by the w orks of o th e r au th o rs  (B auere isen , P a e r is c h , S chm erso , 
1953; D rube and A nschutz, 1954; W iggers, 1957). Independently of F rank  
and W ezler, the "p re a n a c ro tic "  phenom enon h as  been o b se rv ed  by o ther 
in v e s tig a to rs  (E rla n g e r and H ocker, 1916; B ram w ell and H ickson, 1926).

FIGURE 4, Diagram of system for compressing carotid artery

1, 2 — valves of the chambers; 3 — chamber manometer;
4 — cuff; 5 — Plexiglas capsule; 6 — 1 .3 -liter tanks ( operat­
ing pressure, ISO atm ); 7 — reducer (oxygen-supply 
mechanism); 8 — cross-connection; 9 — air ducts; 10 — 
stuffing box for electric wires; 11 — chamber.

FIGURE 5. Determination of the diastolic pressure by the Savitskii tachooscillographic 
method and the Frank-Wezler method

From top down: differential curve from the piezocrystal; pulse waves of the carotid
arterial wall; pressure in the cuff. T im e marking — 1-second intervals. Rate of 
movement of the tape, lO m m /sec .
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As is  evident from  F ig u re  5, the ap p earan ce  of a negative wave on the 
d iffe re n tia l cu rve  during  the p e rio d  of c o m p ress io n  c o rre sp o n d s  to the 
o c c u rre n c e  of a "p re a n a c ro tic "  phenom enon on the sphygm ogram . *

G enera l P ro c e d u re  fo r  P e rfo rm in g  the E x p e rim e n ts  and T h e ir  R esu lts

B efore pu tting  the an im al into the ch am b er, sk in  e le c tro d e s  w ere  p laced  
on it fo r  re c o rd in g  the e le c tro c a rd io g ra m s  in the second lead . A cuff was 
s e t  on the v a sc u la r  flap , and un d er it  a cap su le  con tain ing  a p ie z o c ry s ta l 
w as p laced  so th a t the tip  of the cap su le  p ro jec tio n  w as loca ted  o v e r the 
p u lsa tin g  blood v e s se l. A ca rb o n - con tac t p ick - up w as loca ted  d is ta l to the 
cuff.

A fte r the app lica tion  of the p ic k -u p s  a re c o rd  w as m ade of the in itia l 
te m p e ra tu re  in the ch am b er in w hich the dog was p laced . A fte r 18 — 20 m in 
we began to re c o rd  the in itia l background of the an im al in the ch am b er with 
the co v e r open (25 m in). A fte r th is , the co v e r of the ch am b er w as c losed , 
and the  ch am b er w as ven tila ted  w ith oxygen fo r  2 —3 m in o r , depending on 
the p u rp o se  of the ex p erim en t, with a ir .  C o m p ressio n  w as then  c a r r ie d  
out at a  ra te  of 1 a tm /m in . The d ia s to lic  p r e s s u re  did not exceed  3 — 4 
abso lu te  a tm . The ch am b er was ven tila ted  with oxygen fo r  1 m inu te  ev e ry  
20 m in. The an im al rem ain ed  under p r e s s u re  un til oxygen- induced 
convu lsions ap p eared , a f te r  which d eco m p ress io n  w as p e rfo rm e d . D uring 
the p e rio d  of d eco m p ress io n  a gas sam ple  taken  from  the ch am b er was 
analyzed  fo r  ca rbon  dioxide and oxygen. The re c o rd  of the in d ices  was 
m ade ev e ry  5 m in  during  the c o u rse  of the ex p erim en t.

C onclusions

1. With the aim  of studying hem odynam ic changes in  lo n g - te rm  e x p e r i­
m en ts  on dogs the follow ing m ethods w ere m odified  to apply to w orking 
cond itions u n d er in c re a se d  p re s s u re :  the tach o o sc illo g rap h ic  m ethod  of
N. N. S av itsk ii, the F ra n k -  W ezler m ethod fo r  m easu rin g  the blood p re s s u re ,  
and the V. V. P ra v d ic h -  N em insk ii m ethod fo r  d e te rm in in g  the r a te  of 
p ropaga tion  of the p u lse  wave in  la rg e  a r te r ie s .

The S av itsk ii m ethod re q u ire d  the m o st im p ro v em en ts: the m ain  un it of 
the m ech an o card io g rap h  — the d iffe ren tia l m an o m ete r — w as rep laced  
by a p ie z o c ry s ta l, which sim p lified  the m ethod and in c re a se d  the accu racy  
of the d iffe re n tia l cu rv e  reco rd in g . The op tica l sy stem  of the m echano- 
ca rd io g rap h  was re p la c e d  by a U B P-01 a m p lif ie r  and M PO - 2 o sc illo g rap h .

F o r re c o rd in g  the d ias to lic  p r e s s u re  by the F ra n k - W ezler m ethod under 
cond itions of in c re a se d  p re s s u re ,  a highly sen s itiv e  a ir  cap su le  w ith o p tica l 
re c o rd in g  w as rep la c e d  with a  c a rb o n -c o n ta c t p ic k -u p  se t in a bridge  c irc u it . 
T h is c a rb o n -c o n ta c t p ick -u p  was used  fo r  re c o rd in g  the  r a te  of p ropaga tion  
of the p u lse  wave.

* In Figure 3 a tracing is given in w hich the appearance of the negative wave In the differential curve 
correspond! to the recording of the last pulse curve of ordinary configuration. Such a possibility has been 
mentioned by Wiggers (1 9 5 7 ). According to our tracings the variant described by Wiggers is rarely 
encountered.
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2. The m ethod w orked out m akes it  p o ss ib le  to d e te rm in e  d ire c tly  
the dynam ics of the follow ing hem odynam ic ind ices: d ias to lic  and la te ra l  
sy s to lic  p r e s s u re s ,  ra te  of p ropagation  of the pu lse  wave as an index of 
tone of the g re a t v e s s e ls  and the rhy thm  of c a rd ia c  co n trac tio n s.

On the b a s is  of the da ta  obtained the d e riv a tiv e s  of the follow ing 
hem odynam ic ind ices m ay be ca lcu la ted : s tro k e  volum e, m inute volum e, 
and p e r ip h e ra l re s is ta n c e .
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A. F. Panin

THE BLOOD AND SPINAL FLUID SUGAR, LACTIC ACID, AND 
INORGANIC PHOSPHORUS IN DOGS WITH HYPEROXEMIC AND 

HYPOXEMIC CONVULSIONS

(Soderzhanie sak h ara , m olochnoi k is lo ty  i neorganicheskogo fo sfo ra  
v krovi i spinnom ozgovoi zh idkosti u sobak p r i  g ip e ro - i 

g ipoksem ichesk ikh  sudorogakh)

U nder c e r ta in  conditions both hyperoxem ia  and hypoxem ia m ay cause  
death, u sua lly  p reced ed  by convulsions.

P u b lica tio n s of M. P . B re s tk in 's  la b o ra to ry  show tha t hyperoxem ic and 
hypoxem ic convulsions a re  a sso c ia te d  with s e r io u s  physio log ica l d iso rd e rs  
in a num ber of body o rg an s  and sy s tem s  (Z hironkin , 1940, 1956; 
Z ag ry ad sk ii, 1954; G ram en itsk ii, S u lim o-S am uillo  and T ripo lov , 1955, 
Voino- Y asenetsk ii, 1958; and o th e rs) , and th a t th e re  a re  a num ber of 
com m on m ech an ism s causing  the convulsive s e iz u re s  induced by reduced  
and in c re a se d  oxygen p re s s u re s ;  spec ifica lly , both types of convulsions 
have a re flex  o rig in .

In the l i te r a tu r e  availab le  to us we have not found any thorough 
in v estig a tio n s on the co m p ara tiv e  evaluation  of the b iochem ical ind ices of 
the blood and sp inal fluid in dogs during  hyperoxem ic and hypoxem ic 
convulsions.

We th e re fo re  decided to study the n a tu re  of m etabolic  p ro c e s s e s  in 
hyperoxem ic and hypoxem ic convulsions, and to co m p are  th is  data with 
physio log ical in v estig a tio n s by the au th o rs  m entioned.

E x p erim en ts  and M ethods of Investiga tion

The ex p erim en ts  w ere p e rfo rm e d  on six  dogs, th ree  of which w ere 
stud ied  fo r  the effect of in c re a se d  oxygen p re s s u re s ,  and th ree  fo r  reduced  
p re s s u re s .  In th is  way, we avoided superim p o sin g  one e ffec t upon the 
o th e r.

The convulsions w ere stud ied  in in c re a se d  and reduced  a tm o sp h eric  
p r e s s u re  ch am b ers .

The hyperoxem ic convulsions o c c u rre d  at an oxygen p re s s u re  of 3—4 atm;  
the hypoxem ic convulsions, a t a ltitu d es  from  10,000 to 15,000 m, which 
co rre sp o n d  to p r e s s u re s  of 90— 198 mm Hg.

To avoid the effect of sh a rp  p re s s u re  d rops which cause  se rio u s  
d is o rd e rs  in a num ber of o rg an s  (g a s tro in te s tin a l t r a c t  and o th e r cav itie s) 
the an im als  w ere ra is e d  and low ered  in two s tag es: in the ca se  of study
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of hyperoxem ic  convu lsions the dogs w ere  f i r s t  under a p r e s s u r e  of 2.5 atm; 
in  the study  of hypoxem ic convu lsions they  w ere  ra is e d  to  an a ltitu d e  of 
8,000 m . The p re lim in a ry  hypoxem ic and hyperoxem ic s ta te s  w ere  alw ays 
c re a te d  fo r  one hour, a f te r  w hich the an im als  w ere  slow ly r a is e d  o r  
low ered  to  the height o r  depth m entioned  above until c le a r ly  e x p re sse d  
s igns of a convulsive s ta te  appeared .

F a s tin g  dogs w ere  alw ays u sed  in the ex p erim en t. In the c o n tro l and 
m ain  ex p e rim en ts , the blood w as taken  from  the c e rv ic a l vein, and sp inal 
flu id  from  the su b o cc ip ita l sp ace . In the m ain  e x p e rim e n ts  blood and 
sp in a l flu id  w ere  alw ays taken  2 — 3 m in  a f te r  the an im a ls  had been rem oved  
fro m  the ch am b er, w hile they  w ere  s t i l l  in a convulsive s ta te .

In the blood and sp in a l flu id  a study  w as m ade of the follow ing co n stitu en ts : 
su g a r  (by the H agedorn- Je n se n  m ethod), la c tic  acid  (by the  F ried m an , 
Cotonio, and S chaeffer m ethod) and ino rg an ic  p h o sphorus (by the  F isk e - 
Subbarow m ethod). D uring the ex p e rim en ts  the g e n e ra l b ehav io r of the 
an im als  w as o b serv ed : the t im e s  of o c c u rre n ce  of dyspnea, coorjdination 
d is o rd e rs , convulsions, e tc ., w ere  noted.

R esu lts  of the Investiga tion

The r e s u l ts  of a n a ly se s  of the blood and sp in a l fluid in dogs with 
hyperoxem ic  and hypoxem ic convu lsions a re  shown in T ab les  1 and 2.

TABLE 1

The effect of hyperoxemic convulsions on the sugar, lactic acid, and inorganic phosphorus contents 
of the blood and spinal fluid o f three dogs (average data of 12 experiments)

Tim e of taking blood 
and spinal fluid

Blood Spinal fluid

Dog Sugar 
(in mg)

Lactic acid 
(in °h)

Phosphorus 
(in mg)

Sugar 
(in mg)

Lactic acid 
(in %

Phosphorus 
(in mg)

Ugol' Before convulsions 100 IB 2.8 70 14.6 1.4

During convulsions 188 165.2 6.4 100 30.2 i . i

Volchok Before convulsions 74 9.4 4.6 74 15.4 1.8

During convulsions 172 157.9 8.7 90 36.9 2.7

Chemysh Before convulsions 97 13.4 2.9 68 13.8 1.4

During convulsions 196 93.3 9.5 143 28.4 2. 1

F ro m  the ta b le s  it  is  evident th a t a ll the blood and sp in a l flu id  in d ices  
which we stud ied  in  dogs d u ring  hyperoxem ic  and hypoxem ic convu lsions 
underw ent d is tin c t changes.

The su g a r  of the blood and sp inal flu id  in dogs with hyperoxem ic  con­
v u ls io n s w as m ark ed ly  e levated . It in c re a se d  90—150% in the blood and 
8 0 — 120% in the sp in a l flu id . In hypoxem ic convu lsions the in c re a s e  in 
su g a r w as noted only in the blood, and w as s m a lle r  (by 10 — 50%); in  the 
sp in a l flu id  its  con ten t rem ain ed  unchanged o r  even d e c re a se d  som ew hat.
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TABLE 2

The effect of hypoxemic convulsions on the sugar, lactic acid, and inorganic phosphorus contents of 
the blood and spinal fluid of three dogs (average data of 12 experiments)

Dog
Tim e of taking blood 

and spinal fluid

Blood Spinal fluid

Sugar 
(in mg)

Lactic
acid

(in%)

Phosphorus 
(in mg)

Sugar 
(in mg)

Lactic 
acid 

(in %)

Phosphorus 
(in mg)

Druzhok Before convulsions 96 11.7 3.9 72 15.8 1.6

During convulsions 187 99.9 1.4 23 59.4 0.9

Volk Before convulsions 78 9.6 4.6 68 18.0 1.8

During convulsions 163 67.6 3.1 50 58.0 1.8

Zhuchok Before convulsions 81 13.6 4.1 70 16.7 1.7

During convulsions 149 48.4 3.1 61 50.1 1.4

It was then de te rm in ed  tha t the quantity  of la c tic  acid  in the blood 
during  hyperoxem ic convulsions a lso  in c re a se d  considerab ly ; so m e tim es  
th is  in c re a se  w as 1,000— 1,500%. In the sp inal flu id  the la c tic  acid  a lso  
in c re a se d  but to a l e s s e r  deg ree  (100 — 300%). In hypoxem ic 
convulsions an in c re a se  is  a lso  noted in the blood lac tic  acid  by 800— 1,000%; 
in the sp inal flu id  the in c re a se  is  app rox im ate ly  the sam e a s  in hyperoxem ic  
convulsions.

F inally , the quantity  of inorgan ic  phosphorus in the p la sm a  and sp inal 
fluid in hyperoxem ic  convulsions was found to in c re a se  d istinc tly ; on the 
average , the phosphate content in c re a se d  two to th re e  t im e s  in  p la sm a  and 
1.5 — 2 tim e s  in sp inal fluid. In hypoxem ic convu lsions the conten t of 
inorganic  phosphorus in the p la sm a  and sp inal flu id  rem a in ed  unchanged o r  
even d e c re a sed  som ew hat. A pparently , th is  d iffe rence  in the phosphate 
content of the blood m ay be explained by the c h a ra c te r is t ic s  of the ac id - 
base balance during  th e se  opposite  e ffec ts .

F rom  a co m p ariso n  of the r e s u lts  of o b se rv a tio n s  of the behav io r of 
an im als under in c re a se d  and reduced  oxygen p re s s u re s  it  is  ev ident th a t 
the n a tu re  of the body 's  re a c tio n  to th ese  opposite  e ffec ts  h as  m any 
fe a tu re s  in com m on, on the one hand and, on the o th e r, show s g re a t 
d iffe ren ces.

Of the gen era l signs c h a ra c te r iz in g  the hyperoxem ic and hypoxem ic 
convulsions m ention should be m ade of the following; 1) r ig id ity  of the 
c e rv ic a l m usc les; 2) salivation ; 3) coord ination  d iso rd e rs ; 4) involuntary  
u rina tion  and defecation; 5) the appearance  in itia lly  of loca l sp asm s 
(m usc les of the head, neck and lim bs) and then of g en era lized  convulsions;
6) a r e s p ira to ry  d iso rd e r , and in both c a s e s  fa s t  su p e rf ic ia l re s p ira tio n  
o c c u rs  before  and during  the convulsions.

The d ifference  in the body 's  re a c tio n s  to in c re a se d  and red u ced  oxygen 
p re s s u re  is  ex p re ssed  in the follow ing c h a ra c te r is t ic s .

F irs tly , the du ra tion  of the convulsive s e iz u re s  a f te r  the d iscontinuance 
of the effect of the gas m edium  v a r ie s . In hyperoxem ia , as a ru le , they

166



la s t  longer; so m e tim es , the oxygen- induced convulsions go on fo r  s e v e ra l 
h o u rs . H ypoxem ic convu lsions stop 5 —6 m in a fte r  the e ffec t of the a lte re d  
gas m edium  h as  been rem oved .

Secondly, an e sse n tia l d iffe ren ce  is  noted in the cond itions of the 
an im a ls  which have su ffe red  from  hyperoxem ic  and hypoxem ic convu lsions. 
When i:he an im a ls  which had su ffe red  hypoxem ic convu lsions a re  brought 
down from  a ltitude  they  re c u p e ra te  and follow ing the convu lsions they  
e a g e rly  take  food. In the ca se  of hyperoxem ic  convu lsions, on the o th e r  
hand, a n um ber of s e r io u s  seque lae  u su a lly  rem a in . The co o rd ina tion  
d is o rd e r  w as o b se rv ed  in th e se  an im als  fo r  a long tim e  (so m e tim es  m o re  
than a day); freq u en tly  the an im als  w ere  in d iffe ren t to  th e ir  su rro u n d in g s  
and, fina lly , dogs which had had hyperoxem ic  convu lsions did not e a t fo r  
a long tim e .

T h ird ly , th e re  is  an e s s e n tia l  d iffe ren ce  betw een the d e g re e s  of 
e x p re ss io n  of the ac tu a l convu lsions. H ypoxem ic convu lsions u su a lly  a re  
m ild; m ovem en ts of the m u sc le s  of the e x tre m itie s  and of o th e r  p a r ts  of 
the body u su a lly  a re  lo ca lized . In the ca se  of oxygen- induced convu lsions, 
on the o th e r  hand, the s tre n g th  of m u sc u la r  co n trac tio n  is  g re a t.

F o urth ly , an e s se n tia l  d iffe ren ce  is  noted in r e s p i r a to ry  rhy thm  in the 
p reco rivu lsive  s ta te : in hypoxem ia the rhy thm  of the r e s p i r a to ry  m ovem ents 
is  c o n sid e rab ly  in c rea sed ; in hyperoxem ia , co n v erse ly , it  i s  reduced .

F ifth ly , r ig o r  m o r tis  s e ts  in v e ry  quickly in  a dog which h as  d ied  of 
hyperoxem ic  convulsions; in hypoxem ic convu lsions, on the o th e r  hand, 
the m u sc le s  re m a in  soft fo r  a long tim e .

D iscu ssio n  of R esu lts

When the m etabo lic  findings and the c h a ra c te r is t ic s  of the convu lsions 
in  dogs w ith hypoxem ia and hyperoxem ia  a re  co m p ared , the following 
g e n e ra liz a tio n s  m ay be m ade.

O ur da ta  show s th a t hyperoxem ic  and hypoxem ic convu lsiohs in  dogs 
a re  accom pan ied  by a m ark ed  in c re a se  in the la c tic  acid  of the blood and 
sp ina l flu id . T h is in d ica te s  the developm ent of a co n sid e rab le  oxygen debt 
in both c a s e s . In hypoxem ic convulsions, th is  is  cau sed  by red u ced  
oxygen ten sio n  in the body tis s u e s  because  of the m ark ed  red u c tio n  of the 
p a r t ia l  oxygen p r e s s u r e  in the inhaled  a ir .  In hyperoxem ic  convu lsions 
the oxygen debt develops, co n v erse ly , u n d er cond itions of an abundance 
of oxygen in the body t is s u e s , w hich r e s u l ts  in  the d e p re ss io n  of ac tiv ity  
of enzym e sy s te m s  p rov id ing  fo r  ox idation- red u c tio n  p ro c e s s e s .  T h is is  
a lso  ev idenced by the s tu d ies  of A. F. P an in  (1953, 1960), L. I. G rachev  
(1954), Z. S. G ershenov ich  and A. A. K rich ev sk ay a  (1960), and o th e rs , who 
showed th a t in c re a se d  oxygen p re s s u re  le ad s  to a d is tin c t red u c tio n  of 
p ro te in , c a rb o h y d ra te s  and gas m e tab o lism  a s  w ell as to an inh ib ition  of 
o x ida tion - red u c tio n  re a c tio n s  and the syn thetic  ac tiv ity  of c e re b ra l ,  
m u sc u la r , hepatic  and o th e r t is s u e s .

T h e re fo re , the in v estig a tio n s of the above au th o rs  and o u r own data  
on the la c tic  acid  conten t of the blood and sp in a l flu id  g ive u s  the b a s is  
fo r  the b elief tha t in c re a se d  oxygen p r e s s u r e  c a u se s  s e r io u s  d is o rd e r s  in 
the u tiliz a tio n  of oxygen by the body tis s u e s .
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In addition, th e re  is  an e s se n tia l d iffe rence  betw een the va lu es  of these  
m etabo lic  in d ices  in hyperoxem ic and hypoxem ic convulsions: th e ir  level 
w as co n sid e rab ly  g re a te r  during  the b rea th in g  of oxygen under in c re a se d  
p re s s u re .  We explain  th is  d iffe rence  by the s tren g th  of the ex c ita to ry  
p ro c e s s  of the c e n tra l n ervous sy stem , the d u ra tion  of convulsive s e iz u re s , 
and, finally , by the s tren g th  of the m u sc le  co n trac tio n s . However, we do 
not ye t know the d e ta ils  of the m echan ism  of the c e n tra l nervous system  
d iso rd e r  during  these  opposite  e ffec ts . T hese p ro b lem s should be solved, 
a s  they a re  undoubtedly im p o rtan t both th e o re tic a lly  and p ra c tic a lly .

Sum m ing up the above m a te r ia l , we co n sid e r it p o ss ib le  to conclude tha t 
underly ing  the effect of in c re a se d  and reduced  oxygen p re s s u re  under 
c e r ta in  conditions a re  g en era l m ech an ism s of a  d iso rd e r  of centred 
n ervous system  activ ity . The hyperoxem ic and hypoxem ic convulsions 
a re  c h a ra c te r iz e d  by a co n sid e rab le  in c re a se  in the blood lac tic  acid 
content; in the fo rm e r  ca se  th is  in c re a se  is  brought about by in te rfe re n ce  
with tis su e  oxygen u tiliza tion ; in the la t te r ,  by reduction  of the oxygen 
tension  in the t is s u e s .

C onclusions

1. T here  a re  a num ber of fe a tu re s  in com m on in the developm ent of 
hyperoxem ic and hypoxem ic convu lsions in an im als  and sim u ltaneously  
th e re  a re  e s se n tia l d iffe ren ces.

2. H yperoxem ic and hypoxem ic convulsions cause  a consid erab le  
in c re a se  in the blood lac tic  acid content of dogs. In the fo rm e r  c a se  the 
in c re a se  is  caused  by an in te rfe re n c e  with the oxygen u tiliza tio n  by the 
t is su e s ; in the la t te r  c a se , by a reduction  of the oxygen tension  in the 
t is s u e s .

3. The blood su g ar content of dogs with hyperoxem ic and hypoxem ic 
convu lsions is  m ark ed ly  in c re a se d .

4. The blood inorgan ic  phosphorus in dogs with hyperoxem ic convulsions 
is  d is tin c tly  elevated; in  hypoxem ic convulsions, the phosphorus level 
re m a in s  unchanged o r  is  som ew hat reduced .
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V. N. Z vorykin

THE TYPOLOGY OF HIGHER NERVOUS ACTIVITY CHARACTERISTICS 
IN DOGS UNDER BAROMETRIC PRESSURE CHANGES

(T ipologicheskie osobennosti vy ssh e i nervno i d ey a te l'n o s ti sobak p r i  
izm enenii b a ro m etrich esk o g o  davleniya)

The d iffe ren ces in the behav io r and m enta l ac tiv ity  of ind iv iduals under 
conditions of reduced  a ir  p r e s s u re  in m ountain clim bing, a irp lan e  flig h ts  
o r  p r e s s u re -  ch am b er te s ts  w ere noted long ago by m any in v e s tig a to rs .
In studying changes in the physio log ica l functions during  anoxia in an im al 
ex p erim en ts , p h y sio lo g is ts  a lso  noted d iffe ren t v a r ia n ts  of behav io ra l 
re a c tio n s  in an im als  of the sam e sp e c ie s . H owever, the physio log ica l 
m ech an ism s of th e se  d iffe ren ces  in behav io r and m ental ac tiv ity  continue 
to be u n c le a r , p a r tly  because  l i ttle  use  h as  been m ade of I, P . P a v lo v 's  
teach ing  of the typology of h ig h er nervous ac tiv ity  (Pavlov, 1927, 1928, 
1935), and because  the n a tu re  of h igh- a ltitude re a c tio n s  h a s  not been 
com pared  with an ob jective c h a ra c te r iz a tio n  of the b asic  p ro p e r t ie s  of the 
nervous p ro c e s s e s  in  the c e re b ra l  co rtex  — stren g th , eq u ilib riu m , and 
m obility  of ex cita tion  and inhibition  — o r  with the functional lim it of 
c o r tic a l c e lls .

On th is  b a s is  we decided to study the effect of r a r if ie d  a ir  and anoxia 
on h igher nervous ac tiv ity  (Zvorykin, 1951, 1953), and to d e te rm in e  the 
c h a ra c te r is t ic s  of th ese  changes in dogs with d iffe ren t types of n ervous 
activ ity .

Method

The investiga tion  was m ade on dogs by the m ethod of conditioned 
sa liv a ry  re fle x e s  to food with the u se  of s te reo ty p e  of po sitiv e  conditioned 
s tim u li and d iffe ren tia tion . Of the nine dogs p re p a re d  fo r  the ex p erim en ts , 
fo u r d iffered  g rea tly  in th e ir  h ig h er nervous ac tiv ity  types, which w ere 
de te rm in ed  by a som ew hat m odified  "low stan d ard "  m ethod. In addition 
to obtain ing data from  the e lab o ra tio n  of conditioned re f le x e s , t e s ts  w ere  
p e rfo rm e d  involving s ta rv a tio n , caffeine, b rom ine, the e ffec t of a v e ry  
pow erful s tim u lu s, ex tension  of the p ositive  conditioned re flex , p ro lo n g a­
tion of the action  of the d iffe ren tia tin g  stim u lu s, change in the b io logical 
s ig n ifican ces of the p ositive  and inh ib ito ry  conditioned s tim u li, and a 
check on the dynam ic s te reo ty p e  with an " in d ica to r"  s tim u lu s .

The ex p erim en ts  w ere p e rfo rm ed  in a p re s s u re  cham ber with ra re fa c tio n  
of the a ir ,  co rresp o n d in g  to a ltitu d es  from  1,000 — 8,000 m above se a  level.
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E x p e rim en ta l D ata

A te s t  of the n erv o u s sy stem  type showed tha t in the dog B a rs  the 
e x c ita to ry  and in h ib ito ry  p ro c e s s e s  of the c e r e b ra l  c o rtex  w ere  s tro n g , 
balanced , and m obile  (I. P . P a v lo v 's  liv e ly  type). The n e rv o u s p ro c e s s e s  
in the c e re b ra l  c o rtex  of the dog Ryzhii w ere  not so s tro n g  as in B a rs , 
and w ere  in e rt, p a r t ic u la r ly  with r e s p e c t to inh ib ition  (the weak v a r ia n t of 
the quiet type, acco rd in g  to I. P . Pavlov). In the dog B ely i a m ark ed  
p redom inance  of a s tro n g  e x c ita to ry  p ro c e s s  o v e r weak inh ib ition  was 
d em o n stra ted  in the c e re b ra l  c o rtex , and it  w as th e re fo re  d esig n a ted  a s  
the s tro n g , balanced  type (u n re s tra in e d , acco rd in g  to I. P . P av lov). The 
h ig h e r n erv o u s ac tiv ity  type of the dog Bem bi could be c h a ra c te r iz e d  as  
a weak v a r ia n t of the unbalanced  type (with a p red o m in an ce  of the e x c ita to ry  
o v er the inh ib ito ry  p ro c e s s ) .

Along with g en era l changes in h ig h er n e rv o u s ac tiv ity  in the ex p e rim en ta l 
dogs d u ring  ra re fa c tio n  of the a ir  and anoxia which we have d e sc r ib e d  
p re v io u s ly  (Z vorykin , 1951, 1953), som e e s s e n tia l  c h a ra c te r is t ic s  and 
d iffe re n c e s  betw een the re a c tio n s  of the individual dogs w ere  a lso  
d em o n stra ted .

TABLE 1

Conditioned reflexes (salivation in drops for 20 sec) in dogs at normal atmospheric pressure (numerator) 
and at an altitude o f 6,000 m (denominator)

Conditioned stimulus* Bars Belyi Ryzhii Bembi

B e l l .............................................. 9 /7 11/1 8 /0 6 /0

Light ........................................... 5 /0 8 /6 5 /1 2 /0

m 1 2 0 ........................................... 8 /5 9/2 6/1 4 /0

M6 0 ................... ........................... 1 /4 4 /5 0/1 1 /0

B e l l .............................................. 8 /5 12/7 7 /0 3 /0

L ig h t ........................................... 4 /3 6 /5 4 /0 2 /0

M1 2 0 ........................................... 6 /3 8/5 5 /0 2/6

Total for the experiment . . 41/27 58/40 35/3 20/6

* M }2 q and M(J0 represent metronomes operating at 120 and 60 beats/m in.

Thus, it w as found f i r s t  of a ll th a t the  stag e  of exc ita tio n  c h a ra c te r is t ic  
of the action  of low a ltitu d e s  and of the in itia l p e rio d  of anoxia, was 
d iffe ren t in deg ree  and freq u en cy  in d iffe ren t dogs. It w as o b se rv ed  
freq u en tly , w as d is tin c t, and accom panied  by in c re a se d  m o to r ac tiv ity  in 
the dogs B a rs  and B elyi and w as e x p re sse d  e x tre m e ly  r a r e ly  and slig h tly  
in the dogs R yzhii and B em bi. In th e se  la t te r  annoxia a lw ays began with 
the in h ib ito ry  stag e , u su a lly  c h a ra c te r is t ic  of the la te r  p e r io d  of anoxia 
and of high a ltitu d e s . In the dogs R yzhii and B em bi inh ib ition  of 
conditioned re f le x e s  and adynam ia w ere  o b se rv ed  even at low a ltitu d es  
(1 ,000—4,000 m ), w h ereas  in the dogs B a rs  and B elyi inh ib ition  developed
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only at a ltitu d es  of 7,000 — 8,000 m . The deg ree  of inhibition  of the p o sitive  
conditioned re f le x e s  in the dogs w as a lso  d iffe ren t. R eduction of the 
m agnitudes of the conditioned re f le x e s  and p ro longation  of the la ten t perio d  
w ere le a s t  in the dogs B a rs  and Belyi and g re a te s t  in the dogs Ryzhii and 
B em bi (see Table 1).

C o n sid erab le  d iffe ren ces  w ere  a lso  found in the effect of ra re fa c tio n  of 
the a ir  in the ch am b er on conditioned inhibition. Thus, in the dogs B a rs  
and Ryzhii d isinh ib ition  of d iffe ren tia tio n  at a ltitude  was ra r e ly  observed; 
so m etim es , d iffe ren tia tio n  even becam e g re a te r , while ex tinction  of the 
conditioned re f le x e s  o c c u rre d  m o re  quickly because  of lack  of re in fo rcem en t 
than a t n o rm a l a tm o sp h eric  p re s s u re .  In the dogs Bem bi and Belyi 
d isinh ib ition  o c c u rre d  v e ry  often, not only during  the stage  of excita tion  but 
a lso  in the inh ib ito ry  s tag e . A deepening of d iffe ren tia tio n  at an altitude  in 
the dog Ryzhii v e ry  often gave r i s e  to pro longed  a f te r -  inhibition, which 
so m e tim es  la s te d  m o re  than 15—20 m in. In B em bi the a f te r -  inhibition 
developed le s s  often; in the dogs B a rs  and Belyi it w as not seen .

P h asic  s ta te s  (hypnotic phases) in the c e re b ra l  co rtex , which re p re s e n t 
one of the c h a ra c te r is t ic  changes in h ig h er n ervous ac tiv ity  at a ltitu d es, 
w ere  a lso  ex p re sse d  d iffe ren tly  in d iffe ren t dogs. In the dog Ryzhii 
an esth e tic  and inh ib ito ry  p h ases  o c c u rre d  m ost often; in Belyi, m ost 
com m on w ere  an equaliz ing  phase on a high level and an u ltrap a rad o x ica l 
phase; in Bem bi, a ll the  p hasic  s ta te s  o c c u rre d  equally  often, even at low 
a ltitu d es  (1 ,000—4,000 m ). They o c c u rre d  le a s t often in the dog B a rs . It 
is  in te re s tin g  th a t in Belyi the equaliz ing  phase o c c u rre d  with a high level 
of conditioned re f le x e s , which was evidence of an in c re a se  in ex c itab ility  
of the c e re b ra l  co rtex ; in the dogs Bem bi and Ryzhii it alw ays o c c u rre d  at 
a low level, evidencing developm ent of inhibition  (Table 2).

TABLE 2

Equalizing phase in the function of the cerebral cortex in the dogs Belyi and Bembi 
under normal atmospheric pressure (numerator) and with rarefaction of the air (denominator)

Conditioned stimulus
Conditioned salivary reflex 

(drops in 20 sec)

Belyi Bembi

Bell ................................................................................ 9 /9 4/a

L ig h t................................................................................ 2 /9 2 /3

m 1 2 0 ................................................................................ 9 /9 7/4

M6 0 ................................................................................ 3 /0 5 /0

Bell ................................................................................ 8 /5 5 /2

Light ................................................................................ 7 /0 3/2

M1 2 0 ................................................................................ 4 /11 4 /3

The dynam ic s te reo ty p e  changed in d iffe ren t ways at a ltitude  (Table 3).
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T A B L E  3

C h e c k  o n  t h e  d y n a m i c  s t e r e o t y p e  o f  d o g s  B e m b i  a n d  B e ly i  a t  n o r m a l  a t m o s p h e r i c  p r e s s u r e  

a n d  a t  a n  a l t i t u d e  o f  4 , 0 0 0  m

Indicator stimulus

Conditioned salivary reflex 
(drops in 20 sec)

Bembi Belyi

Normal
atmospheric

pressure

Altitude 
4,000 m

Normal
atmospheric

pressure

Altitude 
4,000 m

Light instead of b e l l ........................................... 4 3 8 5

bight ....................................................................... 0 4 5 4

Light instead of ........................................... 4 2 4 8

Light instead o f Mg0 ........................................... 2 1 6 5

Light inste ad of b e l l .......................................... - - 6 6

bight .......................................................................... - - 9 3

Light instead of M1 2 0 ....................................... — - 3 8

T hus, in the dog Bem bi under n o rm a l a tm o sp h e ric  p r e s s u re  cond itions 
the dynam ic s te reo ty p e  was d is tin c t. At a ltitude  the dynam ic s te reo ty p e , 
which could be checked by the subsequent u se  of a weak s tim u lu s , changed 
in the m an n e r of the equaliz ing  and p a rad o x ica l p h ases . The cond itioned- 
re flex  re a c tio n  to a lig h t s tim u lu s, applied  at the p lace  w here the bell o r  
M i 20 was u su a lly  ad m in is te re d , w as found to have an equal o r  d e c re a sed  
e ffec t than when used  in i ts  own p lace . In the dog Belyi a t n o rm al a tm o s­
p h e ric  p r e s s u r e  it  w as p ra c tic a lly  im p o ssib le  to d e tec t the fo rm atio n  of a 
dynam ic s te re o ty p e . When the sy stem  of s tim u li was rep laced  by one 
s tim u lu s  u sed  a f te r  a lag, the conditioned re fle x e s  to its  e ffec t w ere 
m odified  in a m o st unexpected  way. At a ltitude  th is  dog showed a d is tin c t 
dynam ic s te reo ty p e .

T A B L E  4

A d a p t a t i o n  o f  d o g s  d u r in g  r e p e a t e d  a s c e n t s  i n  a  p r e s s u r e  c h a m b e r

N a m e  o l

M a g n i t u d e  o f  c o n d i t i o n e d  

s a l i v a r y  r e f l e x  d u r i n g  t h e  

e x p e r i m e n t  p e r f o r m e d  a t  

n o r m a l  p r e s s u r e  ( a v e r a g e  

f o r  1 0  d a y s )

C o n d i t i o n e d  s a l i v a r y  r e f l e x  d u r i n g  t h e  e x p e r i m e n t  p e r f o r m e d  a t

a n  a l t i t u d e  o f  6 ,0 0 0  m

d o g
F i r s t

a s c e n t

S e c o n d

a s c e n t

T h i r d

a s c e n t

F o u r th

a s c e n t

F i f t h

a s c e n t

S i x th

a s c e n t

B a rs 4 1 . 7 2 7 1 8 21 5 4 3 7 4 4

R y z h i i 3 6 .2 3 1 3 1 6 2 6 3 9 4 2
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R ecovery  of the conditioned re fle x e s  o c c u rre d  d iffe ren tly  a f te r  descen t. 
They w ere reg a in ed  so o n est and m o st com pletely  in the dog B a rs : re c o v e ry  
began even during  the descen t, and the conditioned re f le x e s  so m etim es  
re tu rn e d  to n o rm al a s  soon a s  n o rm al a tm o sp h e ric  p r e s s u re  was re s to re d  
to the ch am b er. The conditioned re fle x e s  of the dog Belyi w ere rega ined  
som ew hat m o re  slow ly than in the dog B a rs . Only d iffe ren tia tio n  rem ain ed  
d isinh ib ited , u su a lly  fo r  a long tim e  a f te r  d escen t. In the dog Ryzhii the 
re c o v e ry  of the p o sitiv e  conditioned re f le x e s  o c c u rre d  v e ry  slow ly, and 
so m etim es  it  was im p o ssib le  to rep ro d u ce  them  during the experim en t. 
D ifferen tia tion  continued to be abso lu te . F requen tly , the conditioned 
re f le x e s  in Bem bi could not be brought back fo r  s e v e ra l days.

The effect of the d iffe ren tia l s tim u lu s  so m e tim es  caused  a m ark ed  
d e te r io ra tio n  in the cond itions of the dogs Belyi and Bem bi under c o n s id e r­
able ra re fa c tio n  of the a ir .  T h ere  w as an in c re a se  in dyspnea, and m o to r 
defence re a c tio n s  w ere  ex p re ssed ; in two ex p e rim en ts  clonic convulsions, 
op istho tonos and re s p ira to ry  a r r e s t  o c c u rre d  in the dog Bembi im m ed ia te ly  
a fte r  the action  of Mgo at a ltitu d es  of 7,000 and 8,000 m.

It was v e ry  im p o rtan t to check how high- a ltitude adaptation  o c c u rs  in 
dogs with d iffe ren t types of nervous ac tiv ity . F o r th is  the dogs B a rs  and 
Ryzhii w ere  e levated  to a ltitu d es  of 6,000 m daily  fo r  6 days. The e x p e r i­
m en ts  showed th a t by the 5 th—6th day the changes in th e ir  conditioned 
re f le x e s  becam e m in im al, and w ere  p ra c tic a lly  the sam e in m agnitude as 
at n o rm al a tm o sp h e ric  p r e s s u re  (Table 4).

D iscussion  of E x p erim en ta l D ata

The data  p re se n te d  show s tha t th e re  is  a defin ite  re la tio n sh ip  betw een 
the n a tu re  and deg ree  of changes in h ig h er n ervous ac tiv ity  in dogs under 
ra re fa c tio n  of the a ir ,  on the one hand, and the b asic  c h a ra c te r is t ic s  of 
th e ir  n erv o u s p ro c e s s e s , on the o th e r. H igher n erv o u s ac tiv ity  changes 
w ere le a s t  in the dog with the h ighest functional lim it of the c e re b ra l  
co rtex  (B ars) and g re a te s t  in the dog with the low est functional lim it (Bem bi). 
Of the two o th e r dogs changes in h ig h er ac tiv ity  w ere le s s  in the one in 
which the functional lim it of c o r tic a l c e lls  was g re a te r  (Belyi).

The phase of ex cita tion  with ra re fa c tio n  of the a ir  is o b se rv ed  ch iefly  in 
an im als  with quite a s tro n g  e x c ita to ry  p ro c e s s  (B a rs  and Belyi). The e a r ly  
and profound d ep re ss io n  of the conditioned re fle x e s  and the l e s s e r  deg ree  
of e x p re ss io n  of the e x c ita to ry  ph ase  in dogs with an in su ffic ien tly  s tro n g  
inh ib ito ry  p ro c e s s  (Ryzhii and Bem bi) is  ev idently  caused  by e a r ly  develop­
m ent of inhibition, even with slig h t d eg rees  of ra re fa c tio n  of the a ir .

The n a tu re  of the h ig h er n erv o u s ac tiv ity  changes in dogs with ra re fa c tio n  
of the a ir  a lso  depends on the s tren g th  of the inh ib ito ry  p ro c e s s  in the 
c e re b ra l  co rtex . P ro o f of th is  is tha t with ra re fa c tio n  of the a i r  the reac tio n  
to the d iffe ren tia l s tim u lu s  does not change in dogs with s tro n g  inhibition  
and abso lu te d iffe ren tia tio n  (B a rs  and Ryzhii), w h ereas  dogs w ith a weak 
inh ib ito ry  p ro c e s s  (Belyi and Bem bi) show e a r ly  d isinh ib ition  of d iffe ren tia tio n .

The m obility  of the nervous p ro c e s s e s  in the c e re b ra l  c o rtex  p lay s a 
g re a t p a r t  in the re a c tio n  of dogs to the effect of ra re f ie d  a ir .  Good m obility  
of the nervous p ro c e s s e s  (B ars) re m a in s  p ra c tic a lly  unchanged with r a r e ­
faction  of the a ir . If the m obility  of both nervous p ro c e s s e s  was s ligh t o r
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if one was in e r t, th is  in e r tn e s s  w as m ade even g re a te r  with ra re fa c tio n  
of the a ir . As a re s u lt ,  a v e ry  p ro longed  a f te r -  inh ib ition  of p o s itiv e  
re f le x e s  w as o b se rv ed  a f te r  the u se  of d iffe ren tia tio n  a t a ltitu d e  in the 
dog R yzhii, whose inh ib ition  w as c h a ra c te r is t ic a l ly  in e r t. In the  dog 
B elyi, with ra re fa c tio n  of the a i r  th e re  was even a  g re a te r  in c re a s e  in  the 
c h a ra c te r is t ic  in e r tn e s s  of i ts  e x c ita to ry  p ro c e s s , which gave r i s e  to 
d is in h ib ition  of d iffe ren tia tio n  a f te r  the u se  of p o s itiv e  conditioned  s tim u li.

C hanges in the dynam ic s te reo ty p e  a lso  depended on the type of n erv o u s 
sy s tem . It w as im p a ire d  in the sam e  m an n e r as  in hypnotic p h a se s  in 
dogs with in su ffic ien tly  s tro n g  e x c ita to ry  o r  in h ib ito ry  p ro c e s s e s  and did not 
change in the dog B a rs . In the dog B elyi, red u ced  m ob ility  of the n e rv o u s 
p ro c e s s e s  under the in fluence of ra re f ie d  a i r  fa c ilita te d  re te n tio n  of the 
dynam ic s te re o ty p e , because  t r a c e s  of excita tio n  o r  inh ib ition  ev iden tly  
w ere  m ain ta in ed  fo r  a lo n g er tim e  and in a  m o re  s tab le  fo rm  than  usu a l 
in  the c e r e b ra l  c o rte x  u n d er th e se  cond itions.

The e x p e rim e n ts  showed th a t d iffe ren t fre q u e n c ie s  and d iffe re n t n a tu re s  
of p h asic  s ta te s  in the function  of the c e re b ra l  c o rte x  in both dogs a lso  
depend on the s tre n g th , eq u ilib riu m  and m ob ility  of the n e rv o u s p ro c e s s e s  
and the  functional lim its  of c e r e b ra l  c o r t ic a l  c e l ls  w ith r a re fa c tio n  of the 
a ir .  In the dog with the h ig h est functional lim it (B ars) p h asic  s ta te s  w ere  
o b se rv e d  le a s t  often; in the an im al w ith the low est functional lim it  (Bem bi) 
they  w ere  o b se rv ed  m o st often  and even at low a ltitu d e s . The e a r ly  
ap p ea ran ce  of the in h ib ito ry  phase  was o b se rv ed  in dogs with a low er 
c e r e b ra l  c o r t ic a l  functional lim it (Bem bi). The u ltra p a ra d o x ic a l phase  
w as m an ife s ted  only in the dog with the w eakest in h ib ito ry  p ro c e s s  (Belyi), 
which ev iden tly  fa c ilita te d  p o sitiv e  induction  from  a re a s  of the c e r e b ra l  
c o rtex  which had gone into a s ta te  of tra n sm a rg in a l inh ib ition . The a n e s ­
th e tic  p h ase  w as o b se rv ed  m o st often in the dog Ryzhii w hose conditioned 
re flex  to a weak s tim u lu s  (light) had been e lab o ra ted  fo r  a long tim e  and 
with d ifficu lty . T his re f le x  was a lso  the f i r s t  and m o st deeply  inh ib ited  
under the in fluence of ra re f ie d  a ir .

The ra te  and n a tu re  of re c o v e ry  of conditioned re f le x e s  a f te r  the d escen t 
a lso  depend on the type of n e rv o u s ac tiv ity . The e x p e rim e n ts  show ed th a t 
with s tro n g , ba lanced  and m obile nerve  p ro c e s s e s  and a high c e re b ra l  
c o r tic a l functional lim it  (B ars) the conditioned re f le x e s  a re  reg a in ed  m o st 
co m ple te ly  and m o st quickly; they  a re  re c o v e re d  le a s t  co m p le te ly  and m ost 
slow ly in dogs with a lo w er c e re b ra l  c o r tic a l functional lim it  (B em bi, R yzhii).

The e x p e rim e n ta l da ta  on the influence of the in h ib ito ry  s tim u lu s  on the 
n a tu re  of h igh - a ltitu d e  re a c tio n s  of the dogs B ely i and B em bi su g g est th a t 
the conditioned s tim u li ac ting  on the an im als  with ra re fa c tio n  of the  a ir ,  
can, un d er c e r ta in  cond itions, a lso  affect th e ir  re s is ta n c e  to a ltitu d es . 
T hereby , the e ffec t of inh ib ito ry  conditioned s tim u li on the an im a ls  with a 
weak in h ib ito ry  p ro c e s s  can, ev idently , have an un favorab le  in fluence in 
som e c a se s . H ow ever, daily  a sc e n ts  of the dogs B a rs  and R yzhii to an 
a ltitude  of 6,000 m showed tha t the un favorab le  effect of ra re f ie d  a i r  m ay be 
red u ced  a s  a r e s u l t  of h igh- a ltitude  adap ta tion  not only in a dog with stro n g , 
balanced  and m obile  n erv o u s p ro c e s s e s  but a lso  in an an im al with w eaker 
and m o re  in e r t  inhibition .

The d a ta  which we have p re se n te d  was subsequen tly  co n firm ed  by a 
n um ber of au th o rs  and by u s  with the aid of the m ethod of conditioned  
s a liv a ry -  defense re f le x e s  to acid  in e x p e rim e n ts  on an im a ls  (Sulim o- 
Sam uillo , 1955; Z vorykin , B obrovn itsk ii e t a l., 1956) and in  in v es tig a tio n s
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on hum an beings (M il'sh te in , 1953), which a lso  showed som e typological 
and individual c h a ra c te r is t ic  changes in conditioned re f le x e s  a t d iffe ren t 
a ltitu d es . A co m p ariso n  of the r e s u l ts  of a ll th ese  p a p e rs  show s, how ever, 
tha t desp ite  the  re g u la r  changes at high a ltitu d es  com m on to all re f le x e s  
stud ied  th e re  a re  a lso , as po in ted  out by M. P . B res tk in  (1956, 1958) 
specific  fe a tu re s  c h a ra c te r is t ic  of each type of re flex . Thus, the n a tu re  
and d eg ree  of changes in d iffe ren t conditioned re f le x e s  depend p r im a r ily  
on the b io log ica l sign ificance  of v a rio u s  conditioned- re flex  re a c tio n s , 
c h a ra c te r is t ic ,  fo r  exam ple, of a lim en ta ry  re a c tio n s , defense, se c re to ry , 
m o to r re a c tio n s , and o th e rs , a s  w ell as  n a tu ra l and a r tif ic ia l  re a c tio n s .
As a ru le , conditioned re f le x e s  of d ire c t sign ificance fo r  p re se rv a tio n  of 
life  under the given cond itions (m otor defense, r e s p ira to ry , c a rd io v a sc u la r , 
and p a r tic u la r ly  n a tu ra l re flex es) a re  im p a ired  la te r  and le s s  in tense ly  and, 
con v erse ly , a re  rega ined  e a r l ie r  and m o re  com pletely . It m ay be supposed 
tha t th is  is  brought about not so m uch by d iffe ren t s tre n g th s  of the 
co rresp o n d in g  tem p o ra l connections in the c e re b ra l  co rtex , as by c h a ra c ­
te r is t ic s  of re a c tio n s  p rov id ing  fo r p re se rv a tio n  of life  under th rea ten in g  
c irc u m s ta n c es , which have been re in fo rc e d  by evolution Thus, unlike the 
o th e r re flex es  which m ay be stud ied  sep a ra te ly , conditioned a lim en ta ry  
re fle x e s , which at high a ltitu d es  u su a lly  a re  im p a ired  e a r ly  and re co v e red  
la te  cannot re f le c t the e n tire  v a rie ty  of h igh- a ltitude changes in h igher 
nervous activ ity , even though they can re f le c t gen era l functional changes 
in h ig h er nervous system  c e n te rs . T h ere fo re , fo r  a m ore  com plete  and 
a c cu ra te  c h a ra c te r iz a tio n  of the typological n a tu re  of high- a ltitude 
re a c tio n s  it  is  e s se n tia l, f i r s t  of a ll, to co n sid e r the specific  p ro p e rty  of 
v a rio u s conditioned re flex es ; secondly, to d e te rm in e  the type of nervous 
sy stem , m aking u se  of the sam e m ethod as is  u tilized  in the study of 
h ig h er nervous ac tiv ity  at an altitude, and, th ird ly , to study he te rogeneous 
conditioned re fle x e s  on the sam e an im als.

C onclusions

1. The na tu re  and deg ree  of changes in h igher nervous ac tiv ity  of dogs 
under the influence of r a re f ie d  a ir  and anoxia depend, am ong o th e r fa c to rs , 
on the type of nervous ac tiv ity  of the an im als . This fac t exp la in s a num ber 
of b ehav io ra l d iffe ren ces  under th ese  conditions, and m ay be co n sid e red
in understand ing  som e c h a ra c te r is t ic s  of the re a c tio n s  of d iffe ren t p e rso n s  
under the influence of a lte re d  b a ro m e tr ic  p re s s u re .

2. U nder th ese  conditions, conditioned re f le x e s  change le a s t  and a re  
m o st com pletely  and rap id ly  re c o v e red  in dogs with strong , balanced  and 
m obile n ervous p ro c e s s e s  in the c e re b ra l  co rtex  and with a high functional 
lim it of the c e re b ra l  c o r tic a l c e lls . In dogs with a low c e re b ra l  c o r tic a l 
functional lim it the conditioned re f le x e s  change m o st and a re  le a s t 
com plete ly  and le a s t rap id ly  reco v e red .

3. In an im als with a weak inh ib ito ry  p ro c e s s  o r  with in e r t  n ervous 
p ro c e s s e s  a p redom inan t and even g re a te r  w eakening of the inh ib ito ry  
p ro c e s s  o r  of m obility  of excita tio n  and inhibition o ccu rs .

4. In the case  of high- a ltitude  adaptation  a reduction  in the d is o rd e rs  
of h ig h er nervous ac tiv ity  m ay o ccu r and th e re  m ay be an im provem en t in 
the re c o v e ry  of conditioned re f le x e s  in an im als  with d iffe ren t typ es of 
nervous activ ity .
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B. A. V inokurov and Zan Dok Men

THE E F F E C T  ON HIGHER NERVOUS ACTIVITY OF DOGS OF ACUTE 
HYPOXEMIA PRODUCED BY RAREFACTION OF THE ATMOSPHERE 

TO AN ALTITUDE OF 18,000 M ETERS

(Vliyanie o s tro i g ipoksem ii, vyzvannoi ra z re zh e n ie m  a tm o sfe ry  do 
vysoty 18,000 m, na vysshuyu nervnuyu d e y a te l'n o s t' sobak)

M ost s tu d ies  of h ig h er n ervous ac tiv ity  of an im als  during  hypoxem ia 
have m ade use  of the c la s s ic  conditioned sa liv a ry  re f le x e s . T his app lies 
to a num ber of s tu d ies  m ade by co - w o rk e rs  of M. P . B restk in , in whose 
la b o ra to ry  th is  p roblem  w as w orked out sy s te m a tic a lly  (L ivsh its , 1949; 
Z vorykin, 1951, 1953; S u lim o -S am u illo , 1955; A ira p e t'y a n ts  and 
Gazenko, 1947) and to w orks of o th e r au th o rs  (M alm ejac and P lan e , 1952, 
1954; Akhmedov, 1954). All th e se  investig a tio n s showed that under the 
influence of an oxygen deficiency, deep- sea ted , e a rly  and prolonged 
d is o rd e rs  of conditioned sa liv a ry  re f le x e s  o c c u rre d . Hence, it would 
ap p ear th a t under th ese  conditions th e re  a re  co rresp o n d in g  d is o rd e rs  of 
h ig h er nervous ac tiv ity  a s  a whole. However, during  the co u rse  of the 
subsequent work done by M. P . B re s tk in  and co- w o rk e rs , fa c ts  began to 
accum ulate  a tte s tin g  to d iffe ren t s ta b ilitie s  of the v a rio u s  conditioned 
re f le x e s , w orked out on the b a s is  of d iffe ren t unconditioned stim u li with 
re s p e c t  to  unusual ex te rn a l in fluences and the d isc rep an cy  betw een changes 
of a num ber of conditioned re f le x e s  and the behavior of dogs. A s h as  been 
de te rm ined , conditioned sa liv a ry -  defense re fle x e s  to acid  under unusual 
in fluences a re , on the whole, m o re  stab le  than a lim e n ta ry  re fle x e s . A fter 
the effect of acute oxygen defic iency  caused  by ra re fa c tio n  of the a tm osphere  
to an altitude  of 18,000 m, the conditioned m o to r- defense re a c tio n s  to  the 
exp erim en ta l s itua tion  a re  reg a in ed  m uch e a r l ie r  than the conditioned 
n a tu ra l and a lim en ta ry  re f le x e s  (V inokurov, 1958). In th e se  ex p e rim en ts  
it  was found th a t the h igh- a ltitude  ex p erim en ta l s itua tion  alone, with 
rep e titio n  c au ses  a m ark ed  inh ib ition  of n a tu ra l a lim e n ta ry  conditioned- 
re fle x e s .

In the work by B. M. Savin and Z.K. Sulim o- Sam uillo  (1958) it  was 
d e te rm in ed  that a f te r  the effect of ra d ic a l a c c e le ra tio n s  (8— 10 g) on the 
body the acid sa liv a ry  conditioned re f le x e s  a re  inhibited, w h ereas  the 
autonom ic com ponent of the re flex  is  fully  m ain tained .

V. V. B orisk in  and V. V. R assv e taev  (1958) found th a t conditioned 
sa liv a ry  defense re fle x e s  to acid  w ere  m uch m o re  stab le  in the p re se n c e  of 
se a s ic k n e ss  than w ere conditioned a lim en ta ry  re f le x e s .

G enera liz ing  on a ll th is  m a te r ia l , M. P . B re s tk in  (1958) concluded that 
ex tensive  evaluation  of the condition  of h ig h er n ervous ac tiv ity  in an im als
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w as un ju stified  sim p ly  on the b a s is  of changes in conditioned re f le x e s  of 
the d igestive  g lands. He advanced the id ea  tha t the s ta b ility  of v a r io u s  
conditioned re f le x e s  under the in fluence of unfavorab le  env iro n m en ta l 
fa c to rs  is  d e te rm in ed  by th e ir  b io logical s ign ificance  fo r  the body when 
su b jec ted  to unusual conditions.

The m ain  aim  of the p re s e n t w ork w as a study of the c h a r a c te r is t ic s  of 
change in h ig h e r n e rv o u s ac tiv ity  and behav io r of dogs du ring  h igh - a ltitude  
e x p e rim e n ts  u n d er cond itions w here the v ita l s ig n ifican ce  of the a lim e n ta ry  
re a c tio n s  had been in c re a se d  a r tif ic ia lly .

M ethod

The e x p e rim e n ts  w ere  p e rfo rm e d  on fo u r dogs. R epeated , a t in te rv a ls  
of 3 — 4 days, the an im als  w ere  exposed  to  the e ffec t of ra re fa c tio n  of the 
a tm o sp h e re  to 56 m m  Hg which c o rre sp o n d s  to an a ltitu d e  of 18,000 m . 
A scen ts  to a ltitude  w ere  c a r r ie d  out in a p r e s s u re  ch am b er, 0.34 c u .m  
in volum e, with a g lazed  door, which p rov ided  a good view and allow ed 
p ho tog raphs and m otion p ic tu re s  to be taken . The a sc e n t took 12— 13 sec; 
the an im a ls  w ere  left at an a ltitude  of 18,000 m fo r  90 sec . The condition  
of h ig h e r n e rv o u s ac tiv ity  w as eva lua ted  by the behav io r of the an im a ls , 
w hich w as d e sc r ib e d  in d e ta il and docum ented by a m otion p ic tu re .

In acco rd an ce  with the p rob lem  posed , the m ethods of o u r e x p e rim e n ts  
w ere  m a in ly  c h a ra c te r iz e d  by the fac t th a t in som e c a s e s  the an im a ls  w ere  
fed  du ring  the p e rio d  of the ex p e rim en ts , as alw ays, in a v iv a riu m  loca ted  
in  a s e p a ra te  build ing n e a r  the la b o ra to ry ; in o th e rs , they  re c e iv e d  a ll 
th e ir  food in the ch am b er in which the a sc e n ts  w ere  c a r r ie d  out. T his 
condition  w as o b se rv ed  v e ry  s tr ic t ly , and the ex p e rim en ta l an im a ls  w ere  
not given food anyw here e lse . In both c a s e s  the feed ing  w as conducted  
once a day, at 3 — 4 p . m .  The an im als  w ere  ra is e d  to a ltitu d e  on a fa s tin g  
stom ach  in the m o rn in g  h o u rs . They w ere  f i r s t  adapted  to the e x p e rim e n ta l 
s itu a tio n  fo r  no le s s  than  10 days. D uring th is  p e rio d  a c a re fu l study  was 
m ade of the b eh av io ra l c h a ra c te r is t ic s  of the dogs: the re la tio n sh ip  to the 
e x p e rirn e n to rs  and la b o ra to ry  tech n ic ian s, to o th e r  p e rso n s  and o th e r 
an im als , re a c tio n s  to petting , danger, the e ffec t of painfu l, audio, and 
photic s tim u li, the  p re se n c e  of c e r ta in  com plex conditioned  m o to r re f le x e s  
(p re sen tin g  the paw on the e x p e r im e n to r 's  re q u e s t, stand ing  on the hind 
leg s  at the com m and "B eg!"), re a c tio n s  to v a rio u s  food s tim u li (b read , 
raw  and cooked m ea t, g ru e l, m ilk), and o th e rs . T hese re a c tio n s  w ere 
subsequen tly  checked in the p e rfo rm a n c e  of the e x p e rim e n ts .

R esu lts  of the E x p e rim en ts

R a re fac tio n  of the a tm o sp h ere  c o rre sp o n d in g  to an a ltitu d e  of 18,000 m 
e x e rte d  a  m a rk e d  e ffec t on dogs kept u n d er o rd in a ry  v iv ariu m  cond itions 
and on dogs fed  in the p r e s s u r e  ch am b er only. S ev e ra l seconds a f te r  
re a c h in g  a ltitude  the dogs developed op istho tonos, and g e n e ra liz ed  
convu lsions o c c u rre d , accom pan ied  by m ark ed  ex tension  of the lim b s  and 
not uncom m only by defecation  and u rin a tio n . The convu lsions w ere
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rep laced  by a g enera l re lax a tio n  of the a n im a l 's  body; in som e dogs 
convulsions o c c u rre d  rep ea ted ly , but in a ll c a s e s  m u sc le  atony developed 
at the end of the stay  at a ltitude . The re sp ira tio n  assu m ed  an agonal 
n a tu re : se p a ra te , deep and slow in sp ira tio n s  o c c u rre d  with the dog 's  
m outh opening wide and the c e rv ic a l m u scu la tu re  con trac tin g . In a num ber 
of c a se s  re sp ira tio n  p ra c tic a lly  stopped, and fo r  the la s t 20—30 sec that 
the dogs w ere at a ltitude not a sing le in sp ira tio n  o c c u rre d . A fter the 
d escen t com plete  re lax a tio n  of the m u scu la tu re  of the an im als  and the 
absence of re fle x e s  to a ll s tim u li w ere noted. Then v a rio u s  convulsive 
in sp ira tio n s  o ccu rred ; they g rad u a lly  in c re a se d  in frequency  and assum ed  
a  rh y th m ica l c h a ra c te r . Shortly  a f te r , the pup ils re a c te d  to light, 
follow ed by po sitiv e  co rn ea l re flex . A fter th is  the an im als  frequen tly  
developed opistho tonos and locom otor m ovem ents of the lim b s. Subsequently, 
re sp ira tio n  assu m ed  its  o rd in a ry  c h a ra c te r ;  the dogs began to re a c t  to 
audio and photic s tim u li, ra is e d  th e ir  heads and m ade a ttem p ts  to stand  on 
th e ir  paw s and move about.

O ur o b se rv a tio n s  of h ig h er nervous ac tiv ity  of dogs and of th e ir  
behav io r r e f e r  e s se n tia lly  to th is  period .

The ex p erim en ts  showed tha t in an im als  given o rd in a ry  c a re  and fed in the 
v ivarium , pronounced m o to r defense re a c tio n s  to the high- altitude 
ex p erim en ta l s itua tion  appeared  as e a r ly  as a f te r  the f i r s t  ascen t.
P rev io u sly , the dogs, adapted to the ex p erim en ta l situa tion , walked about 
independently  in the cham ber, jum ped in it and eag e rly  took v a rio u s  k inds 
of food. The sam e dog, a f te r  the f i r s t  ascen t, a ttem pted  to leave the 
ch am b er and the lab o ra to ry  and showed active re s is ta n c e  when a ttem p ts  
w ere  m ade to put it  into the cham ber, even when m o to r ac tiv ity  had ju s t 
begun to re tu rn  a fte r  v e ry  s e v e re  hypoxem ia.

The conditioned m o to r-  defense re flex  which o c c u rre d  showed itse lf  to 
be quite s tro n g  from  the v e ry  beginning. It was m ain ta ined  when the 
behav io r of the dog, a f te r  descen t from  altitude, had becom e com plete ly  
no rm al: on the s t r e e t  the dog behaved abso lu te ly  the sam e way as  befo re  
the h igh- a ltitude experim en t, p layed, and was affectionate  to the 
ex p erim en to r. However, as soon as it was brought into the la b o ra to ry  and 
put into the cham ber, a m ark ed  change in behavior o ccu rred : it showed 
ac tive  re s is ta n c e , and when a ttem p ts  w ere m ade to put it into the cham ber 
it even showed ag g re ss iv e  re a c tio n s . On subsequent a sc e n ts  th is  reac tio n  
becam e p ro g re s s iv e ly  m o re  pronounced and was induced by p ro g re ss iv e ly  
m o re  d is tan t conditioned- re fle x  s tim u li. The dog began to show re s is ta n c e  
even when it was brought to the doo rs  of the la b o ra to ry  and subsequently  
began to re a c t negatively  to the la b o ra to ry  techn ic ian  who had com e to the 
v ivarium  to get it.

This data was obtained on two dogs, which w ere  sub jec ted  to the effect 
of ra re fa c tio n  under o rd in a ry  conditions of c a re  and feed ing  in the v ivarium .

A com plete ly  d iffe ren t p ic tu re  was ob tained when the an im als  w ere fed 
only in the p re s s u re  ch am b er fo r  a long tim e  (1 — 2 m onths) befo re  the 
a scen ts . U nder th ese  conditions the dogs v e ry  quickly developed pronounced 
po sitiv e  re fle x e s  to the cham ber, the lab o ra to ry , and the lab o ra to ry  
techn ic ian  who cam e to take the an im al fo r  a rou tine  feeding.

Thus, the dog L isa , follow ing a 50- day feed ing  p e rio d  in the cham ber, 
began to re a c t  w arm ly  and v igo rously  to the en tran ce  of the lab o ra to ry  
techn ic ian  into the v iv ariu m , and once re le a se d  from  its  cage, it ran  
headlong into the la b o ra to ry  building, tow ard  the ch am b er w here the food 
had been p rep a red , jum ped into the ch am b er by itse lf  and began to eat.
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The f i r s t  a scen t to  an a ltitude  of 18,000 m u n d er such p re lim in a ry  
cond itions w as accom panied  by no le s s  tro u b leso m e  phenom ena in th e se  
dogs than  in  an im als  which had been c a re d  fo r  as  u sual. H ow ever, a f te r  
the d e scen t th e ir  b ehav io r was e n tire ly  d iffe ren t. A fte r the h igh- a ltitude  
ex p erim en t, as soon a s  m o to r ac tiv ity  had re tu rn e d  to them , th e se  dogs 
did not show any s ig n s of defensive re a c tio n s  to the ex p e rim en ta l s itu a tio n  
o r  the pr e s s u re  ch am b er. C o nverse ly , they  went tow ard  the ch am b er in 
an a ttem p t to jum p into it even when they showed p ronounced  lack  of 
co o rd ina tion  of m ovem en ts and the in ab ility  to m a in ta in  a n o rm a l body 
p osition .

R epetition  of the a sc e n ts , with the an im als  s t i l l  re c e iv in g  a ll th e ir  food 
in the p r e s s u r e  ch am b er, did not change the situ a tio n  fo r  p ra c tic a l  
p u rp o se s . In the dogs L isa  and K ashtan , follow ing nine a sc e n ts  to  an 
a ltitu d e  of 18,000 m , the sam e  defin ite ly  po sitiv e  re f le x e s  w ere shown to 
the  h igh- a ltitu d e  ex p e rim en ta l s itu a tio n  and to a ll the s tim u li p reced in g  it 
(en tran ce  of the  la b o ra to ry  tech n ic ian  into the v iv a riu m , the walk to the 
lab o ra to ry ).

D uring the c o u rse  of th is  w ork a study w as m ade of the behav io r of the 
sam e  fo u r an im als  when the ex p e rim en ta l cond itions w ere  changed. Some 
dogs (Ryzhik and C hernysh) w ere  f i r s t  exposed to the e ffec t of a ra re f ie d  
a tm o sp h e re  u n d er o rd in a ry  feed ing  cond itions, w ere  then  sh ifted  o v e r to 
feed ing  in a p r e s s u r e  ch am b er, and a f te r  a 1. 5—2 m onth p e rio d  again w ere  
repeatedly exposed to the effect of altitude. Others (L isa, Kashtan) 
co n v erse ly , in itia lly  w ere  fed only in the p r e s s u re  ch am b er fo r  1 — 1.5 
m onths, and under th e se  cond itions w ere  exposed  (as m any as  10 tim e s) to 
the action  of ra re fa c tio n  of the a ir; then they began to re c e iv e  th e ir  e n tire  
d ie ts  in the v iv a riu m , and a f te r  a t le a s t  a m onth w ere  again exposed  to 
re p e a te d  h igh - a ltitude  e ffec ts . In a ll c a s e s  the sam e re s u l t  w as obtained: 
if the dog w as fed in the p r e s s u re  ch am b er only, th is  la t te r ,  like a ll 
p re lim in a ry  s tim u li, fa iled  to produce  any negative re a c tio n  e ith e r  a f te r  
the a sc e n ts  o r  in  the in te rv a ls  betw een them ; if feed ing  of the dog was 
conducted  in the o rd in a ry  way — in a v ivarium  — in ev e ry  h igh- a ltitude  
ex p erim en t and in the in te rv a l betw een them , the dog showed defin ite  
re s is ta n c e  to  a ll m an ipu la tions a sso c ia te d  w ith the ex p erim en t.

It goes w ithout say ing  th a t with a change in the feed ing  cond itions the 
changes of the dogs' b ehav io r did not o ccu r im m ed ia te ly  but g radua lly . 
Thus, the an im a ls  exposed  to h igh- a ltitu d e  e x p e rim e n ts  when fed  in the 
o rd in a ry  way in a v iv ariu m  did not take food when they w ere  sh ifted  o v er 
to re g u la r  feed ing  in the ch am b er but a te  only in the s t r e e t ,  and then  in 
the la b o ra to ry , but only ou tside  the cham ber; finally , a f te r  4 —5 days they 
did ea t in sid e  the ch am b er. In acco rd an ce  with th is , th e re  w as a change 
in  th e ir  re a c tio n s  to v a rio u s  s tim u li accom panying the e x p e rim e n ts  and 
in  th e ir  behav io r. L ikew ise, the dogs which took food in itia lly  only in the 
p r e s s u r e  ch am b er and show ed no negative re a c tio n s  to the s itu a tio n  of the 
h igh- a ltitu d e  ex p e rim en ts , desp ite  freq u en t re p e titio n s  of them , began to 
show a defin ite  negative re a tio n  to the e n tire  ex p e rim en ta l p ro c e d u re  when 
they  w ere  sh ifted  o v er to feed ing  in  a v ivarium  a f te r  only one o r  two 
a sc e n ts .

The fa c ts  p re se n te d  a re  i l lu s tra te d  by the m otion- p ic tu re  f ra m e s  shown 
in the f ig u re s .
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I I l . l .kI i Mot ion- pu- t ur e  l rame> >hov%:ng the behavior  ol tin- J og  Ry/.hik a n J e r  o r J ma r y  
III  Ju ig  .iiio v iv . u i um .-o;i J . r ; .mu I 4r>t h i gh- a l t  i t aae  e x p e r i me n t .  Exp l ana t i on  in t he  t ext  .
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In F igu re  1 the behav io r of the dog Ryzhik is  shown during  the f i r s t  
ex p erim en t with a scen t to an a ltitude  of 18,000 m under o rd in a ry  feeding 
and v ivarium  cond itions. B efore the experim en t, during the walk, the dog 
played with the la b o ra to ry  tech n ic ian  (F igu re  1, a) and went w ithout fo rce  
into the la b o ra to ry  (F ig u re  1, b); n e a r  the p r e s s u re  cham ber it behaved 
quietly, and on the e x p e r im e n te r 's  re q u e s t it gave its  paw (F ig u re  1, c) 
and jum ped independently  into the p r e s s u re  ch am b er (F igure  1, d).

A fte r 35 sec  of being at an altitude  of 18,000 m, the dogs developed 
g en era lized  convu lsions (F igu re  1, e); in the 65th second th e se  stopped, 
and g en era l atony developed; re s p ira t io n  becam e period ic  and su p e rfic ia l. 
F ig u re  l ,f  r e f le c ts  the condition of the dog 40 sec a fte r d escen t to the ground. 
R eflexes w ere  absen t to a ll s tim uli; the a n im a l's  body re lax ed , re s p ira t io n  
becam e slow and of the convulsive type. The dog stood on its  leg s  22 m in 
a f te r  the a scen t, was brought out onto the s tr e e t ,  and m ark ed  a tax ia  w as 
noted (F igu re  1, g — 23 m in a fte r  descen t). In the lab o ra to ry , 25 m in  
a fte r  descen t, the dog showed active re s is ta n c e  when a ttem p ts  w ere  m ade 
to put it into the p r e s s u re  ch am b er, although coord ination  had not ye t been 
com plete ly  re s to re d .

F IG U R E  2. T h e  s a m e  a s  F i g u r e  1. N in th  h i g h - a l t i t u d e  e x p e r i m e n t

As the re s u lt  of subsequent a sc e n ts  the m o to r defense re f le x e s  ju s t 
noted in the dog Ryzhik began to be m o re  pronounced. In F ig u re  2 it is  
shown tha t in the ninth h igh- a ltitude ex p erim en t the dog re s is te d  going 
into the la b o ra to ry  build ing (F igu re  2, a) and into the p r e s s u r e  ch am b er 
(F ig u re  2, b) and re fu se d  the food o ffe red  n e a r the p r e s s u re  cham ber 
(F ig u re  2, c). A fter th is  ex p erim en t the a scen ts  w ere te m p o ra r ily  stopped, 
and fo r  1.5 m onths Ryzhik was given food in a p re s su re  ch am b er ra th e r  
than in a v iv ariu m . F igu re  3 r e f le c ts  the behavior of the dog in the f i r s t  
h igh- a ltitude  ex p erim en t a fte r  th is  change in conditions. D uring the walk 
Ryzhik was affec tionate  and playful (F ig u re  3, a), went into the la b o ra to ry
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independently  (F ig u re  3, b), jum ped into the ch am b er (F ig u re  3, c) and 
eag erly  ate i ts  food su p p lem en ts (F ig u re  3, d). T h ir teen  m in u tes  a f te r  the 
descen t from  an a ltitude  of 18,000 m , the s tay  at which w as accom pan ied  
by the u su a l s e v e re  phenom ena and developm ent of a p reag o n a l s ta te ,
Ryzhik, d esp ite  p ronounced  atax ia , independently  got up on a c h a ir  and went 
into the p r e s s u re  ch am b er (F ig u re  3, e). A fter 15 m in ou tside  the ch am b er 
it p re se n te d  i ts  paw (F ig u re  3, f), and a f te r  17 m in  it  e a g e rly  ate m ea t 
in side  the ch am b er (F igu re  3, g).

A fte r th is  ex p erim en t, un d er conditions of being  fed in  the p r e s s u re  
ch am b er only, Ryzhik w as exposed  to the action  of ra re fa c tio n  an o th e r five 
tim e s  but desp ite  th is , did not lo se  i ts  po sitiv e  re f le x e s  to the ex p e rim en ta l 
p ro c e d u re  o r  to the p r e s s u re  ch am b er. In F ig u re  4 i ts  b ehav io r is  shown 
in an ex p e rim en t with the six th  a scen t to a ltitude  un d er cond itions w here it 
w as fed in the ch am b er only. As the f ig u re  show s, d u rin g  the walk the dog 
was affec tionate  and playful (F igu re  4, a), and behaved a s  u su a l in the 
la b o ra to ry  n e a r  the ch am b er: it  o ffe red  i ts  paw (F ig u re  4, b), and, on the 
com m and of the e x p e rim e n te r, it independently  and im m ed ia te ly  jum ped 
up onto the c h a ir  and into the p r e s s u re  ch am b er (F ig u re  4 ,c ,d ,e ). Im m ed ia te ly  
a f te r  descen t from  a ltitude  the an im al was abso lu te ly  p ro s tr a te  (F ig u re  4,f); a f te r  
8 m in it a ro se  shak ily  on its  hind legs; a f te r  10 m in it independently  went into the 
p r e s s u r e  ch am b er, and a f te r  15 m in  it ate  m eat e a g e rly  in the ch am b er (F ig u re  4, 
g). It show ed no negative re a c tio n s  to the ex p erim en ta l situa tion , behaving as 
usual n e a r  the ch am b er and offe rin g  i ts  paw (F ig u re  4 ,h — 18 m in  a f te r  descen t).

The next s e r ie s  of m o tio n -p ic tu re  f ra m e s  (F ig u re s  5, 6, 7, 8, and 9) 
apply to the dog L isa , which during  the f i r s t  p e rio d  of the e x p e rim e n ts  was 
given food in the cham ber; in the second, in the v ivarium ; in the th ird , 
again  in the ch am b er.

In F ig u re  5 the behav io r of the dog L isa  is  shown in the f i r s t  h igh- 
a ltitude  ex p erim en t, which was p e rfo rm e d  a fte r  a 2- m onth feed ing  of the 
dog in the p r e s s u re  ch am b er only. B efo re  the a scen t the an im al showed 
defin ite ly  p o sitiv e  re a c tio n s  to the ex p e rim en ta l s itua tion  and to the 
p r e s s u r e  ch am b er. D uring the walk the dog played , sa t up on i ts  hind leg s  
(F igu re  5, a) and then h u r r ie d  into the la b o ra to ry  building (F ig u re  5, b), 
o ffe red  i ts  paw b efo re  the ch am b er (F igu re  5, c), sa t up on i ts  hind leg s  
and re a c te d  to the food (F ig u re  5, d), jum ped into the ch am b er by its e lf  
(F ig u re  5, e, f) and ea g e rly  ate o rd in a ry  food th e re  (F igu re  5, g), and then, 
while in i ts  h a rn e s s , behaved abso lu te ly  quietly  (F ig u re  5, h).

A fte r 8 m in  a t a ltitude , convulsions ap p eared  (F igu re  5, i), and then 
com plete  atony o c c u rre d  and re s p ira tio n  stopped. Im m ed ia te ly  a fte r  
d escen t (F ig u re  5, j) the dog hung life le s s ly  by i ts  h a rn e s s . F ive m in 
la te r  it cam e to, and stood  on a ll fou r legs. Six m in a fte r , the h a rn e s s  
w as rem o v ed  and a f te r  it had been p laced  on the f lo o r n e a r  the ch am b er it 
showed pronounced  a tax ia , but n e v e rth e le ss  got up onto the c h a ir  and went 
into the  ch am b er by its e lf  (F ig u re  5, 1, m); in the 8th m inute  it  d rank  m ilk  
in  the ch am b er (F ig u re  5, n), o ffe red  i ts  paw to the e x p e rim e n te r  
(F ig u re  5, o) and then behaved as  u su a l n e a r  the ch a tn b e r w ithout showing 
any defensive re a c tio n s  (F ig u re  5, p).

The dog showed the sam e behav io r in the next eight h igh- a ltitude  
e x p e rim e n ts  which took p lace  u n d er the sam e conditions, i. e ., w ith feed ing  
of the dog in the ch am b er only. In F ig u re  6, m otion p ic tu r e - f r a m e s  a re  
shown p e rta in in g  to the la s t , ninth ex p erim en t in th is  s tag e  of the 
investig a tio n .
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B e f o r e  t h e  e x p e r i m e n t  t h e  dog  w a s  p l a y f u l  a nd  f r i s k y  ( F i g u r e  6, a, b), 
r a n  to t h e  l a b o r a t o r y  ( F i g u r e  6, c),  t o w a r d  t h e  c h a m b e r ,  and  fo un d  i t s  
d o o r  ha l f  o p en ,  w h e r e u p o n  i t  o p e n e d  i t  f u l l y  a nd  c r a w l e d  i n to  t h e  c h a m b e r  
( F i g u r e  6, d, e) .  I m m e d i a t e l y  a f t e r  t he  d e s c e n t  it w a s  c o m p l e t e l y  
p r o s t r a t e ,  h a d  r e s p i r a t o r y  a r r e s t  a n d  s h o w e d  no r e a c t i o n s  to  e x t e r n a l  
s t i m u l i  ( F i g u r e  6, f).  In t he  6th m i n u t e ,  s t u m b l i n g  a nd  f a l l i n g ,  i t  c r a w l e d  
on to  t h e  s t o o l  and  i n to  t h e  c h a m b e r  ( F i g u r e  6, g), in  t h e  9 th  m i n u t e  i t  
d r a n k  m i l k  t h e r e  ( F i g u r e  6, h) and  s u b s e q u e n t l y  r e m a i n e d  q u i e t l y  in t he  
c h a m b e r  ( F i g u r e  6, i).

A f t e r  t h i s ,  t h e  e x p e r i m e n t s  wi th  a s c e n t s  w e r e  s t o p pe d ;  t h e  do g  b e g a n  
to  be f e d  in  t h e  v i v a r i u m  a s  u s u a l ,  and  a f t e r  a  mon th  it  w a s  a g a i n  u s e d  in 
t he  e x p e r i m e n t .  A s  i s  sh o w n  in F i g u r e  7,  t h e  dog ' s  b e h a v i o r  b e f o r e  t he  
a s c e n t  r e m a i n e d  a s  p r e v i o u s l y  ( F i g u r e  7, a, b,  c, d); h o w e v e r ,  a f t e r  i t ,  a s  
e a r l y  a s  in  t h e  6th  m i n u t e ,  a f t e r  h a v in g  j u s t  r e t u r n e d  to c o n s c i o u s n e s s ,  
t h e  a n i m a l  s h o w e d  m o t o r  d e f e n s e  r e a c t i o n s  ( F i g u r e  7,  e, f, g).

FIGUKH 6. I'he same as lor Figure 7. Fourth h igh-a l l i tude  e.\ ;>erinieiu>.
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A s  th e  r e s u l t  of t he  n e x t  two a s c e n t s  u n d e r  c o n d i t i o n s  of c o n s t a n t  
f e e d i n g  in t h e  v i v a r i u m ,  t he  d o g ' s  r e a c t i o n s  w e r e  i n c r e a s e d  and  r e i n f o r c e d .  
In t he  f o u r t h  e x p e r i m e n t  ( F i g u r e  8) the  do g  would  not  go in to  t he  l a b o r a t o r y  
( F i g u r e  8, a), s h o w e d  r e s i s t a n c e  when  b r o u g h t  c l o s e  to t he  c h a m b e r  
( F i g u r e  8, b, c),  a t t e m p t e d  to r u n  a w ay  f r o m  it ( F i g u r e  8, d), and  r e f u s e d  
m e a t  and  m i l k  in t he  c h a m b e r  ( F i g u r e  8, e) .  T h en  h ig h -  a l t i t u d e  e x p e r i ­
m e n t s  on  t he  dog  l . i s a  w e r e  a g a in  s t o p p e d  f o r  a  m o n t h ,  d u r i n g  wh ich  t i m e  
t he  dog a g a in  b e ga n  to be  f ed  on ly  in t he  c h a m b e r .  Th e  n e g a t i v e  r e a c t i o n s  
to thi '  e x p e r i m e n t a l  s i t u a t i o n  and  to t he  ch a m b e  r  w e r e  v e r y  qu i ck ly  
r e p l a c e d  by p o s i t i v e  r e a c t i o n s ,  and  t h e s e  l a t t e r  r e m a i n e d ,  d e s p i t ,  s e v en  
. seen.ne  an a l t i t u d e  ot 1 8 , 0 0 0  in,  in which  the  a n i m a l  wa s  b r o u g h t  to an 
ag on a l  s t a t e  e v e r y  t i m e .

I ; U » U R K  M o t i  i ' i i  - ; ii» i l i r e  i r . u n F i  J r  i i i h r  I v l i . i  v i  r r  o !  i l u  J > y ;  t.i - ,i 1 i i l h h I i  .1 H r  i h  i o i k I  

j H T l x J  o l  r r g w l . i r  I r r J l l U ’ I I I  l l i r  :T t  w i i r  ' ll .1111 ht • t . ' n  \ \  n I h  . d l i l u J i  . \  , - r  r 11 U r  i ll  . 1 \  j - 1 .111 a l  11 HI

m  1 h r  t r  \  i ■



The behav io r of the dog L isa  in the seventh  h igh- a ltitude  ex p erim en t of 
th is  la s t  stage  of the in v estig a tio n s is  shown in F igu re  9. As in the o rig in a l 
ex p e rim en t, the dog played  when it was taken  fo r  a walk (F ig u re  9, a), ran  
to the la b o ra to ry  (F igu re  9, b), and jum ped into the ch am b er (F ig u re  9, c); 
a f te r  the a scen t it again ra n  to it  a s  soon as  it acq u ired  cap ac ity  of 
locom otion  which was s t i l l  f a r  from  com plete  (F ig u re  9, d), and a fte r  
s e v e ra l m in u tes  m o re  it  d rank  m ilk  in  the ch am b er (F ig u re  9, e).

T h e re fo re , ex p e rim en ts  on the dog L isa  showed tha t re p e a te d  change 
in feed ing  conditions re su lte d  ev e ry  tim e  in change in the a n im a l's  
behav io r in the ex p e rim en ts  and in i ts  re a c tio n s  to the ch am b er in which 
a sc e n ts  to  a ltitude  w ere  c a r r ie d  out.

D iscu ssio n  of R esu lts

The ex p e rim en ts  p e rfo rm e d  com plete ly  con firm ed  the id ea  advanced by 
M. P . B re s tk in  th a t the s ta b ility  of conditioned re f le x e s  in the p re se n c e  of 
s tro n g  e x te rn a l fa c to rs  is  d e te rm in ed  by th e ir  b io logical s ig n ifican ce  fo r  
the o rg an  ex p erien c in g  unusual e ffec ts . T h is w as shown in a v e ry  s tr ik in g  
m an n e r in o u r ex p e rim en ts  th rough the exam ple of n a tu ra l re f le x e s  to 
food. B efore the ex p e rim en ts  with a sc e n ts  to a ltitude  a ll the  dogs re a c te d  
in a liv e ly  m an n er to v a rio u s foodstuffs o ffe red  them  in the la b o ra to ry  n e a r  
the ch am b er and in side  the ch am b er, and e a g e rly  ate the food. N atu ra l 
a lim e n ta ry  re f le x e s  in th is  s itua tion  w ere , th e re fo re , p re se n t in a ll the 
an im als , r e g a rd le s s  of w here they had been constan tly  fed . H ow ever, as 
e a r ly  as a f te r  the f i r s t  a scen t the s itua tion  becam e abso lu te ly  d iffe ren t fo r 
dogs fed  in  the v ivarium  and those  fed  in the ch am b er. In the f i r s t  c a se , 
as the r e s u l t  of acute hypoxem ia, n a tu ra l a lim e n ta ry  re f le x e s  w ere  lo st, 
the an im a ls  re fu sed  food not only in the im m ed ia te  p e rio d  a f te r  the descen t 
but a lso  subsequen tly , with com plete  re s to ra tio n  of functions. M oreover, 
in th e se  an im als  the a lim en ta ry  re fle x e s  in the given s itu a tio n  w ere  absen t 
o r  w ere  m ark ed ly  inh ib ited  even in the days follow ing the ascen t. In the 
la t te r  c a se , in dogs fed re g u la r ly  in the ch am b er, the a lim e n ta ry  re f le x e s  
w ere  inh ib ited  un d er the influence of hypoxem ia fo r  only a v e ry  sh o r t tim e, 
co rre sp o n d in g  to the p e rio d  of se v e re  functional d is o rd e rs . A s e a r ly  as 
se v e ra l m in u tes  a fte r  the dog, taken  out of the ch am b er and re tu rn e d  to 
c o n sc io u sn ess , had reg a in ed  i ts  ab ility  to stand  and m ove about, it  began, 
as p rev io u sly , to  r e a c t  in a lively  m anner to food s tim u li and ate the food 
supp lem en ts. U nder the influence of the ex p e rim en ta l s itu a tio n  no changes 
w ere o b se rv ed  in the n a tu ra l a lim en ta ry  re f le x e s  in th e se  an im als  on 
subsequen t days. T hese d iffe ren ces  in re f le x e s  which a re  e s se n tia lly  the 
sam e w ere  undoubtedly connected  with th e ir  d iffe ren t b io log ica l sign ificance  
un d er the given conditions fo r  dogs feeding in the v ivarium  and fo r  dogs 
feed ing  in the ch am b er. F o r the fo rm e r, a lim en ta ry  re f le x e s  in the given 
s itu a tio n  w ere  connected , by and la rg e , only with ep isodic  feeding, of no 
v ita l im p o rtan ce  to the body; fo r  the la t te r  th e se  re f le x e s  u n d er the sam e 
cond itions w ere  a sso c ia te d  with the n u trien t function, re p re se n tin g  one of 
the m ain  cond itions fo r  life . Undoubtedly, th is  fa c t d e te rm in e s  the e n tire  
b ehav io r of the dogs, both in the im m ediate; perio d  a f te r  acute hypoxem ia 
and on subsequen t days. In an im als  which had been given food in the 
v iv ariu m , a s  e a r ly  as the f i r s t  h igh- a ltitude ex p erim en t th e re  w ere
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pronounced defensive re a c tio n s  to the c irc u m s ta n c es  in which the hypoxem ic 
fa c to r  o p era ted . It is  s ign ifican t th a t these  conditioned- re flex  connections 
a re  fo rm ed  during  the developm ent of the m o st se v e re  anoxia, when th e re  
was a defin ite  d iso rd e r  of the gen era l condition of the body and an undoubted 
change in the condition of the c e re b ra l  c o rtex . N ev e rth e le ss , the conditioned 
re flex es  fo rm ed  w ere v e ry  stab le  and w ere m ain ta ined  f irm ly  in the days 
follow ing the ascen t.

In an .m a ls  which had been given all th e ir  food in the ch am b er in which 
they had been exposed to the effect of hypoxem ia, no defense re f le x e s  to 
the high - a ltitude  ex p erim en ta l s itu a tio n  developed. On the o th e r hand, 
these  dogs, even long before  com plete  re c o v e ry  of the hypoxem ic functions 
which had been im p a ired , showed conso lida ted  po sitiv e  re a c tio n s  to the 
given s i:ua tion  based  on feed ing  in the ch am b er. Again, th is  is  a sso c ia ted  
with the p rim e  v ita l s ign ificance  of the n u tr ien t function; the re fle x e s  
p e r ta in i ig  to it, d ire c te d  tow ard  i ts  fu lfillm en t, a re  p red o m in an t even under 
those u rfav o rab le  conditions re su ltin g  from  ascen t to altitude.

It is  very  in te re s tin g  tha t under the influence of acute anoxia, p ositive  
m o to r re a c tio n s  of an im als  d ire c te d  tow ard  the food, e lab o ra ted  by feeding 
them  in the cham ber, w ere m o re  p e r s is te n t  th a t the ea ting  p ro c e s s  itse lf . 
A fter descen t from  altitude  the dogs f i r s t  showed a tendency to go tow ard  
the ch am b er, although they s t i l l  re fu sed  food o ffered . A po sitiv e  reac tio n  
to food u su a lly  appeared  se v e ra l m inu tes sifter the po sitiv e  m o to r reac tio n  
to the sigh t of the ch am b er. It is  possib le  tha t we a re  dealing  h e re  with 
the p redom inan t d ep re ss io n  of the d igestive  function un d er the influence 
of hypoxem ia. As has been pointed out by M. P . B re s tk in  (1958), one of the 
m ain  p rin c ip le s  in the b ody 's  re a c tio n  to unusual conditions, p a r tic u la r ly  
to an oxygen defic iency , is  the m obiliza tion  of the in n er r e s e rv e s  of the 
body: a i  in c re a se  in the ac tiv ity  of those sy s te m s  which a s s u re  com pen­
sation  o: h arm fu l in fluences, through s im u ltaneous inh ib ition  of the 
ac tiv ity  of o th e r  sy s te m s  which have no d ire c t re la tio n sh ip  to the com pen­
sa to ry  reac tio n .

The d igestive  ap p a ra tu s  ap p ea rs  p re c ise ly  as  a system  in which ac tiv ity  
m ay be ;em p o ra rily  d ep re sse d  to allow fo r m o re  com plete  developm ent of 
p ro te c ti /e  re a c tio n s , under the influence of a num ber of unfavorab le  e ffec ts , 
p a r tic u la r ly  hypoxem ia. E vidently , th is  is  why, a f te r  d escen t from  altitude , 
th e re  is  a d isc rep an cy  betw een the tim e  of appearance  in dogs of p o sitive  
g en era l m o to r re a c tio n s  to the ch am b er and of po sitiv e  re a c tio n s  to food, 
d ire c tly  a sso c ia ted  with the ac tual ac t of eating . However, the o v e ra ll 
behav io r of the dogs under th e se  c irc u m sta n c es  is  not d e te rm in ed  by these  
re a c tio r  s of conditioned a lim en ta ry  re fle x e s  in the narro w  sen se , but 
r a th e r  ceep - sea ted  co n d itio n e d -re flex  connections dealing  with the n u trien t 
p ro c e s s  of the body as a whole.

C onditioned- re flex  changes in re sp ira tio n  and c a rd ia c  ac tiv ity  of the 
an im als  a sso c ia ted  with hypoxem ia d ese rv e  sp ec ia l a tten tion . C onditioned- 
re flex  dyspnea and tac h y c a rd ia  p r io r  to rep ea ted  a sc e n ts  to a ltitude o ccu r 
not only in dogs fed in the v ivarium . On being put in the ch am b er th e re  
a re  defin ite ly  negative re a c tio n s  to the h ig h -a ltitu d e  ex p erim en ta l situation ; 
th ese  re a c tio n s  rem a in  in an im als  fed only in the cham ber, which have 
shown nn negative re fle x e s  to p re p a ra tio n  fo r the next ascen t. T here fo re , 
v e ry  unique re la tio n sh ip s  obtain: on the one hand, hypoxem ia cannot 
d e p re s s  the positive  gen era l and food re a c tio n s  e lab o ra ted  on the b a s is  of
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feed ing  the dogs in the cham ber; on the o th e r hand, th e se  re a c tio n s , which 
d e te rm in e  the behav io r of the an im als  under the given cond itions, do not 
exclude the fo rm atio n  of conditioned re f le x e s  d ire c te d  at the c o n tro l of the 
hypoxem ic s ta te .

C onclusions

1. U nder o rd in a ry  feed ing  conditions of dogs in  a v iv ariu m , th e ir  
a sc e n ts  to  an a ltitu d e  of 18,000 m in a  p r e s s u r e  ch am b er, lead ing  to  the 
developm ent of m ark ed  hypoxem ia, a re  accom panied  by the rap id  fo rm atio n  
of m o to r defense conditioned- re fle x  re a c tio n s  to the ex p e rim en ta l s itua tion , 
and com plete  inh ib ition  of the n a tu ra l re f le x e s  to food.

2. A fte r 1 — 2 m onths of being only in the p r e s s u r e  ch am b er, the an im als  
m ain ta in ed  p o sitiv e  re a c tio n s  to the ex p e rim en ta l s itu a tio n  and to food 
s tim u li, d esp ite  subsequen t rep e a te d  a sc e n ts  in th is  ch am b er to  the sam e 
a ltitude , accom panied  ev e ry  tim e  by a m o st s e v e re  anoxia.

3. The h ig h er n erv o u s ac tiv ity  c h a ra c te r is t ic s  and b ehav io r of dogs 
o b se rv ed  a re  u n d e rla in  by d iffe ren t d e g re e s  of s ta b ility  of conditioned 
re f le x e s  depending on th e ir  deg ree  of b io log ica l s ig n ifican ce  in the p re se n c e  
of unusual en v iro n m en ta l fa c to rs .
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A. A. Savich

THE DEVELOPM ENT OF DINITROPHENOL-INDUCED HYPERTHERMIA 
UNDER ALTERED PARTIAL PRESSURES OF OXYGEN AND 

CARBON DIOXIDE

(R azvit.e  d in itrofenolovoi g ip e r te rm ii p r i  izm enennykh p a rts ia l 'n y k h  
davleniyakh k is lo ro d a  i ug lekislo ty)

In the study of ex p erim en ta l h y p e rth e rm ia , 2 — 4— dinitrophenol (DNP) 
has been widely used. Its  a d m in is tra tio n  re s u lts  in in tense  h y p e rth e rm ia  
and a  co n sid e rab le  in c re a se  in the oxygen consum ption. A ccording to the 
g en era lly  accep ted  opinion (II * in and N eifakh, 1956; V eselkin, 1960; 
Z dorovsk  tya, 1960), the effect of DNP is  connected with d isso c ia tio n  of 
re sp ira tio n  of oxygen and phosphory lation , and a breakdow n of m a c ro e rg ic  
com pounds, m ainly  in the liv e r  and m u sc le s .

A com p a riso n  of the data  of d ire c t and in d ire c t c a lo r im e try  in experi­
m en ts wilh DNP ad m in is tra tio n  p e rfo rm ed  in the lab o ra to ry  of P . N. 
V eselkin  showed a co n sid e rab le  d isc rep an cy  betw een heat p roduction  and 
oxygen ccnsum ption. In the f i r s t  p e rio d  of the ex p erim en t ex c e ss  heat 
p ro d u c tio i o ccu rs  with r e s p e c t to oxygen consum ption; in the second 
p erio d , converse ly , the ac tu a l hea t p roduction  lags behind tha t ca lcu la ted  
in acco rd an ce  with the oxygen consum ed and the carbon  dioxide produced  
(Z ykina- G ram en itskaya , 1960).

From  the p a p e rs  of P . M. A l'b itsk ii (1884, 1885, 1904, 1911),
E. A. Kat ta sh ev sk ii (1906) and N. V. V eselkin  (1913) it is  well known that 
v a ria tio n  > in the oxygen and carbon  dioxide conten ts of the body have a 
d ire c t b ea rin g  on the co u rse  of m etabo lic  p ro c e s s e s  and an e sse n tia l 
influence on the heat balance of the body.

In the p re se n t work we decided to study the developm ent of DNP- induced 
hyperther m ia  under a lte re d  p a r t ia l  p r e s s u r e s  of oxygen and carbon  dioxide, 
ca lcu la tin g  th a t the data  ob tained would be usefu l fo r  the an a ly s is  of the 
toxic effect of oxygen.

Method

The ex p erim en ts  w ere p e rfo rm ed  on ra b b its  of both sex es  weighing 
1 .5— 3.5 kg.

To induce h y p e rth e rm ia  the DNP solution  was in jec ted  into the a u r ic u la r  
vein in a dose of 0.02 g /k g  im m ed ia te ly  before  the use of one p ro ced u re  o r  
ano ther. During the c o u rse  of the ex p erim en t the a n im a l's  body te m p e ra tu re  
was m e a su re d  with a m axim um  re c ta l  th e rm o m e te r  o r  a re c ta l  therm ocoup le  
o r  m ir r o r  galvanom eter.

196



F o r the p u rp o se  of studying the influence of red u ced  p a r t ia l  oxygen 
p re s s u re  in ex p e rim en ta l an im a ls  im m ed ia te ly  a f te r  DNP a d m in is tra tio n , 
they  w ere  ra is e d  to a height of 5,500 m in a vacuum  ch am b er, w here they 
w ere  kept fo r  an hour; a f te r  th is  they  w ere  low ered  to ground level. The 
a sc e n t and d escen t w ere  alw ays conducted at the sam e ra te  (30—35 m /s e c ) . 
in a ll e x p e rim e n ts  the te m p e ra tu re  in the vacuum  ch am b er was 20 — 25°.

In the study  of the e ffec t of hyp ero x em ia  follow ing DNP ad m in is tra tio n  
the ra b b its  w ere p laced  in a c o m p ress io n  ch am b er w here, a f te r  p re lim in a ry  
v en tila tio n  with oxygen, oxygen p re s s u re  was in c re a se d  to 4 atm . In the 
m a jo rity  of e x p e rim e n ts  the an im als  w ere  un d er an a tm o sp h e re  of com ­
p re s s e d  oxygen fo r  5, 10, o r  12 m in.

An inv estig a tio n  to the effect of h y p ercap n ia  on the developm ent of 
DNP- induced h y p e rth e rm ia  was m ade in an a ir tig h t ch am b er, in which a 
gas m ix tu re  of 20% carbon  dioxide and 40% oxygen w as c re a te d ; the 
an im a ls  rem a in ed  in th is  ch am b er from  30 m in to 1 h r , depending on th e ir  
cond itions.

To induce hypocapnia a f te r  a p re lim in a ry  trach eo to m y  the ra b b its  w ere 
su b jec ted  to  p ro longed  in ten se  pu lm onary  ven tila tion  by m ean s of bellow s.
In th e se  e x p e rim e n ts  the an im als  w ere  tied  down to the tab le  in the usual 
way; in a ll o th e rs , they w ere le ft f re e .

The co n tro l ex p e rim en ts  w ere as follow s; study of the developm ent of 
DNP- induced h y p e rth e rm ia  under o rd in a ry  conditions; study of body 
te m p e ra tu re  under a lte re d  p a r t ia l  oxygen and carbon  dioxide p re s s u r e s  
w ithout p re lim in a ry  DNP ad m in is tra tio n ; and, finally , re c o rd in g  of the 
re c ta l  te m p e ra tu re  during  hypoxem ia, h j'pe roxem ia , h y p ercap n ia  and 
hypocapnia, a f te r  p re lim in a ry  in jec tion  of a 0.7%  solution  of sodium  
b ica rb o n a te , which is  a so lven t of DNP

In the c o n tro l ex p e rim en ts  th e rm o m e try  was p e rfo rm ed  ev e ry  15 m in 
fo r  1.5 — 2 h rs ; in vacuum  ch am b er ex p e rim en ts , b efo re  and a f te r  the 
p ro c e d u re , and then ev e ry  15 m in; ex p e rim en ts  u sin g  h y p erv en tila tion , 
ev e ry  5 m in.

In a ll ex p e rim en ts  the conditions of the an im als  w ere constan tly  
o b serv ed .

A to ta l of 77 ex p e rim en ts  on 63 ra b b its  was p e rfo rm ed .

R esu lts  of the E x p e rim en ts

In travenous DNP in jec tion  into ra b b its  (0.02 g /k g  u n d er o rd in a ry  
cond itions alw ays p roduced  a pronounced h y p e rth e rm ic  effec t. In one hour 
the in c re a se  in re c ta l  te m p e ra tu re  reach ed  0.8 —2.5° (Table 1). As a ru le , 
the condition of the an im als  w as not d is tu rb ed . In m o st c a s e s  dyspnea was 
o b se rv e d  [sic ). It should a lso  be noted tha t the m o st p ronounced  h y p e r­
th e rm ic  effect from  DNP in jec tion  is  o b se rv ed  in young an im als .

In a num ber of c a s e s  (9 out of 77) DNP ad m in is tra tio n  alone re su lte d  
in  death sh o rtly  a f te rw a rd s .

C utting th e  p a r t ia l  oxygen p re s s u re  in the inhaled  a ir  by half, which 
o c c u rs  in  the a scen t to an a ltitude  of 5,500 m *, p re v e n ts  the developm ent

• At an altitude of 5,500 m the partial pressure of oxygen is about 85 mm Hg, that is, half of ordinary 
atmospheric pressure.
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of DNP- induced h y p e rth e rm ia  (Table 2). U nder th ese  conditions, the 
body te m p ? ra tu re  of m o st of the an im als  even dropped . C a se s  of a v e ry  
s lig h t in c re a se  (no m o re  than 0.2 — 0.4°C) a re  noted with an in c re a se  
(betw een 1—4 min) in the in te rv a l betw een the in jec tion  of DNP and the 
ascen t. In tac t co n tro l ra b b its  ra is e d  to a ltitude  show an even g re a te r  
d e c re a se  :n r e c ta l  te m p e ra tu re  than an im als  which had f i r s t  re c e iv e d  DNP 
(Table 3). In jection  of a 0.7% sodium  b icarb o n a te  solu tion  in the sam e 
volum e a s  the DNP so lu tion  befo re  the a scen t p re v e n ts  cooling  (T able 3). 
This is  ev idently  a sso c ia te d  with in c re a se d  a lkalin ity  of the blood, lim itin g  
the "high iiltitude" dyspnea.

TABLE i

Change in the rectal temperature ( in * C) in rabbits after the injection of DNP

Number
Init: al

Temperature ranges
of ihe 
experi­
ments

tern >e- T im e after in jection(in  min) Notes
racure

15 30 45 60 75 90 105 120
Maximum 

inc rease

2 38.7 — — 39.6 _ — 40.1 _ — + 1.4
3 38.9 39.7 + 0.8 Rabbit tied down 

on a stand (death 
after 1 hr)

4 39.5 40.0 40.05 - 40.2 40.5 40.25 - - + 1.0
25 39.3 - 40.3 - 41.2 - 42.0 - - + 1.7
38 39.2 40.4 40.5 40.4 40.4 — + 1.3 Serious condition, 

dyspnea
75 39.7 40.1 40.5 41.3 41.9 42.2 42.0 + 2.5 Very young rabbit 

Weight 1,500 g
77 39.2 39.5 39.8 39.4

'

40.9
'

41.5
"

+ 2.3 Very young rabbit 
of light weight

17 39.5 39.6 39.8 39.6 39.8 39.9 39.5 + 0.3 The rabbit had been 
used in the experi­
ment one day before

Investiga tion  of the effect of in c re a se d  oxygen p re s s u re  on the develop­
m ent of D  NP- induced h y p e rth e rm ia  (13 ex p erim en ts) showed th a t h y p er- 
oxem ia  c a u se s  an exceedingly  rap id  and in tense  e levation  of the re c ta l  
te m p e ra tu re  (Table 4). In 5 m in (and in 2 ex p e rim en ts , in 10 and 12 min) 
the in c re a se  in body te m p e ra tu re  reach ed  0 .8 — 1.7°. The an im als  u su a lly  
died 4 — 5 m in a fte r  d eco m p ressio n . D uring th a t tim e  the te m p e ra tu re  
continued to in c re a se , in m o st c a se s  by 0.1 —0.5°. An exception  was 
ex p e rim en t No. 14, in which in an ex p erim en ta l an im al kept u n d er a 
co m p re sse d  oxygen a tm o sp h ere  fo r  50 m in a f te r  the DNP in jec tion , re c ta l  
te m p e ra tu re  fa iled  to in c re a se , but d e c re a se d  0.4°. D uring th is  tim e  the 
ra b b it wa:i under an in c re a se d  oxygen p re s s u re  of 4 atm  w ithout any signs 
of oxygen poisoning, and one hour a f te r  d eco m p ress io n  the re c ta l  te m p e ra ­
tu re  p ra c tic a lly  reach ed  the in itia l lev e l. A pparently , th is  is  a sso c ia ted  
with the fac t tha t a day b efo re  th is  ex p erim en t the rab b it w as given DNP, 
and was tw ice exposed to the effect of ra re fa c tio n  in the vacuum  ch am b er.
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TABLE 3

Change in the rectal temperature (in #C) in rabbits in the control experiments 
with ascent to an altitude of 5,500 m in one hour

Number of 
e <periment

T emperature

Initial After descent
Increase or 
decrease

After 60 min at 
ground level

19 40.0 39.1 -0 .9
23 39.8 38.6 -1.2 39.0
34 41.6 37.9 -3 .7 38.3
50 39.9 37.2 -2 .7 38.7
61 38.7 37.8 -0 .9 3K.7 i 20)
35* 39.3 39.4 + 0.1 39.2
37* 38.6 39.3 + 1.3
39* 39.7 39.7 0
43* 39.3 39.9 + 0.6
45* 39.2 40.0 + 0.8

* B efue the ascent a sodium bicarbonate solution was given ( n.7%)

TABLE I

Variations in rectal temperature (* C) in rabbits under increased oxygen pressure 
of 4 atm after DNP administration
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In co n tro l e x p e rim e n ts  in which in ta c t an im als  w ere  put into an a tm o s­
p h e re  of c o m p re sse d  oxygen fo r  the sam e  p e rio d  (5— 12 m in) a v e ry  s lig h t 
d e c re a se  of the r e c ta l  te m p e ra tu re  w as noted (no m ore  than 0.5°).

The in jec tio n  of DNP c a u se s  a m ark ed  change in to le ran ce  to ra re fa c tio n  
of the a tm o sp h ere  and in c re a se d  oxygen p re s s u re .  A scen t to an altitude  
of 7,000 — 8,000 m r e s u l ts  in  m ark ed  clonic convu lsions of the a n im a l's  
e n tire  body and death  in s e v e ra l seconds; as is  w ell known, th is  n ev e r 
o c c u rs  in n o rm a l an im als  under th e se  conditions. E ven at a he ight of 
5,500 m ra b b its  which have re c e iv e d  DNP usu a lly  show m ark ed  hypoxem ic 
phenom ena: cy an o sis  of the lip s  and e a r s ,  m ark ed  dyspnea (as m any as 
200 re s p ira t io n s  p e r  m in), m ark ed  hyperex ten sio n  of the head, and lo s s  of 
m o to r coo rd ination . In co n tro l ra b b its  a t the sam e a ltitude p ra c tic a lly  no 
ap p rec iab le  d is o rd e rs  w ere noted. R abbits given the sodium  b icarb o n a te  
so lu tion  b efo re  the a scen t to le ra te d  the effect of ra re fa c tio n  with som ew hat 
g re a te r  d ifficu lty  than  the in tac t an im als , but with le s s  d ifficu lty  than the 
an im als  which had f i r s t  been given DNP.

U nder the influence of an in c re a se d  oxygen p re s s u re  of 4 atm  m ark ed  
dyspnea (as m any a s  180 re s p ira t io n s  a m inute) was o b se rv ed  in the 
e x p e rim e n ta l ra b b its  im m ed ia te ly  upon te rm in a tio n  of co m p ress io n  
(1 — 2 m in). The re s p i r a to ry  m ovem ents w ere m arked , deep, and s tra in e d . 
The an im al lay  on i ts  side in the cham ber; when it  a ttem pted  to r i s e  a 
c e r ta in  lo ss  of coo rd ina tion  was o b se rv ed , and so m etim es  th e re  w ere 
spasm od ic  c o n tra c tio n s  of the m u sc le s  (not fu lly  typ ica l of oxygen po ison ing  
in  th a t they w ere slow er; th ese  phenom ena p ro g re s s e d  rap id ly . A fter 
d eco m p ress io n  the condition  rem ain ed  p ra c tic a lly  unchanged. The rab b it 
lay  on i ts  s ide , g roaned , and died 4 —5 m in a fte r  te rm in a tio n  of d e c o m p re s­
sion.

An in c re a se d  carb o n  dioxide conten t when the oxygen conten t in the gas 
m ix tu re  w as ra is e d  to 40% (11 ex p erim en ts) app aren tly  does not p rev en t 
the developm ent of h y p e rth e rm ia  a f te r  DNP ad m in is tra tio n . In th is  s e r ie s  
of ex p e rim e n ts , m o st of the ra b b its  used  had a lread y  been given DNP 
once o r  tw ice and had a lread y  been u n d er in c re a se d  o r  d e c re a se d  oxygen 
p re s s u re ,  In th e se  an im als , under the influence of a m ix tu re  of 20% 
carbon  dioxide and 40% oxygen, the te m p e ra tu re  e ith e r  d e c re a se d  1.0° o r  
showed a v e ry  s lig h t in c re a se  (0.5°) a f te r  DNP ad m in is tra tio n . In ra b b its  
which had not been sub jec ted  p rev io u sly  to any p ro c e d u re s , the re c ta l  
te m p e ra tu re  du ring  th e ir  s tay  in the ch am b er so m etim es in c re a se d  m ore  
than in the c o n tro ls . F o r exam ple, in ex p erim en t No. 32 (exposure 40 min) 
the in c re a se  in r e c ta l  te m p e ra tu re  w as 1.4° a f te r  sw itch ing  o v e r to 
b rea th in g  a i r .  Death o c c u rre d  a f te r  35 m in, during  which tim e  an add i­
tio n a l te m p e ra tu re  e levation  of 1.5° w as observed ; the to ta l in c re a se  in 
body te m p e ra tu re  w as 2.9°.

F o r  e igh t out of nine ra b b its  a gas m ix tu re  of 20% carbon  dioxide and 
40% oxygen re su lte d  in death  e ith e r  during  the p e rio d  of i ts  u se , o r  sh o rtly  
a f te r .

Of two co n tro l ra b b its  kept in th is  gas m ix tu re  fo r  40 m in, one showed 
a d e c re a se  in body te m p e ra tu re  by 1.7°; the o th e r, which had f i r s t  been 
given a  sodium  b icarb o n a te  so lu tion , 0.4°. Both rem ain ed  a live .

In the ca se  of ra b b its  sub jec ted  to pu lm onary  hy p erv en tila tio n  with a ir , 
the te m p e ra tu re  in c re a se  re su ltin g  fro m  DNP a d m in is tra tio n  w as so m e­
what le s s  than  u n d er o rd in a ry  conditions. H ow ever, h y p erven tila tion  
itse lf , a s  co n tro l ex p e rim en ts  showed, le ad s  to a co n sid e rab le  cooling  of
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the bod>. A co m p ariso n  of the co rresp o n d in g  data  show s tha t a t the end of 
ex p e rim en ts  with hyperven tila tion  the d ifference  betw een the te m p e ra tu re s  
of the co n tro l ra b b its  and those  which had re c e iv e d  DNP w as m uch g re a te r  
than the in c rem en t of te m p e ra tu re  from  DNP w ithout h yperven tila tion . 
H ence, it follow s th a t h y p erven tila tion  in c re a s e s  the h y p e rth e rm ic  effect 
of DNP.

Of five ra b b its  which had been given DNP, fou r died d u rin g  ex p e rim en ts  
with h y p erven tila tion  (the d u ra tion  of hyp erv en tila tio n  was 1 h r) . Of six  
co n tro l an im als , one died from  h yperven tila tion .

D iscu ssio n  of R esu lts

F rom  the data  p re se n te d  it  fo llow s th a t the change in p a r tia l  oxygen 
p re s s u re  e x e r ts  a m ost p ronounced e ffec t on the developm ent of DNP- 
induced h y p e rth e rm ia , apparen tly  by ac ting  as a d is tin c tiv e  tr ig g e r  
m echan ism . This is  ind ica ted  by the follow ing fa c ts .

H alving the p a r tia l  oxygen p re s s u re  (altitude of 5,500 m) im m ed ia te ly  
sifter DNP a d m in is tra tio n  excluded the p o ss ib ility  of developm ent of DNP- 
induced h y p e rth e rm ia . H ow ever, if th e re  is  even the s lig h te s t in te rv a l 
betw eer the DNP in jec tion  and the ra b b i t 's  ascen t, a c e r ta in  in c re a se  in 
te m p e ra tu re  o r  m ain tenance  of it at the in itia l level is  noted. A fter 
sw itching to a gas m edium  w ith no rm al oxygen content an active te m p e ra ­
tu re  in c re a se  o c c u rs . F inally , the v e ry  m ark ed  h y p e rth e rm ic  effect 
o b serv ed  under c o m p ressed  oxygen also  in d ica tes  th a t oxygen and its  
p a r t ia l  p re s s u re  in the am bient m edium  is  of dec isive  im portance  fo r  the 
developm ent of DNP- induced h y p e rth e rm ia .

It is  s ig n ifican t th a t h e re  we a re  dealing  not so m uch with an in c re a se  
in the h y p e rth e rm ic  e ffec t (to tal in c re a se  in body te m p e ra tu re  during  the 
ex p erim en t w as a lm o st the sam e  as in the con tro l) as with the v e ry  m ark ed  
a c c e le ra tio n  of th is  re a c tio n  — with the developm ent of h y p e rth e rm ia  
o c c u rr in g  in 5 — 10 m in (instead  of the 50 — 70 m in in the con tro l). F u rth e r  
in c re a se  in the te m p e ra tu re  a f te r  d eco m p ressio n  is  le s s  pronounced, and 
thereby  the to ta l in c re a se  in body te m p e ra tu re  does not exceed the con tro l 
fig u re s

Data obtained concern ing  the effect of carbon  dioxide on the developm ent 
of DNP - induced h y p e rth e rm ia  is  le s s  d is tin c t. R esu lts  of ex p e rim en ts  with 
the effect of in c re a se d  carb o n  dioxide content on an im als  which had 
rece iv ed  DNP on p rev io u s  days do not p e rm it draw ing any conclusions about 
i ts  ro le  in the te m p e ra tu re  changes noted. It is  w ell known tha t v e ry  
freq u en t DNP in jec tions le s se n s  the h y p e rth e rm ic  effect m ark ed ly , a re  
to le ra te d  with g re a t d ifficu lty  by the an im als , and even cause  th e ir  death. 
Two ex p erim en ts  on ra b b its  being used  fo r  the f i r s t  tim e  ind icate  tha t 
in c re a se d  carbon  dioxide co n cen tra tio n  does not inh ib it the developm ent of 
DNP- induced h y p e rth e rm ia . H ow ever, it m ay be supposed tha t in th e se  
ex p erim en ts  a defin ite  p a r t  was played by an in c re a se d  oxygen content.

Hypocapnia, which ev idently  is a lso  com bined with a c e r ta in  in c re a se  
in the oxygen tension  in the blood, in c re a s e s  the h y p e rth e rm ic  effect of 
DNP. This is  ex p re sse d  in a co n sid e rab le  elevation  of body te m p e ra tu re , 
desp ite  the pronounced coo ling  effect of hyperven tila tion  itse lf .
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The ex p e rim en ts  showed tha t a f te r  DNP ad m in is tra tio n  the ra b b its  
have an a lte re d  to le ra n c e  to the e ffec t of a lte re d  p a r t ia l  oxygen and carb o n  
dioxide p r e s s u r e s .  It m ight be concluded tha t th is  is  explained  by the 
sim p le  sum m ation  of two u n re la te d  unfavorab le  in fluences: the toxic e ffec t 
of DNP, on the one hand, and the a lte re d  gas m edium  on the o th e r. 
H ow ever, it seem ed  to us tha t th e re  is  a m o re  deep- sea ted , in tr in s ic  
connection  betw een th e se  in fluences. It m ay be supposed, sp ec ifica lly , 
th a t a m ark ed ly  in c re a se d  oxygen re q u ire m e n t of the body a f te r  DNP 
a d m in is tra tio n  c a u se s  the s e v e re  hypoxem ic phenom ena shown by the 
in jec ted  ra b b its  at a co m p ara tiv e ly  low a ltitude . Death of ra b b its  which 
had been given DNP and p laced  under c o m p re sse d  oxygen is  p o ssib ly  
explained  not by the in c re a se  in the toxic effect of oxygen as such, but 
by the m ark ed  in c re a se  in the action  of DNP under th e se  cond itions and 
the ex cess iv e  breakdow n of m a c ro e rg ic  com pounds, with consequen t 
ac tive  h ea t p roduction .

In one way o r  ano ther, the fu r th e r  w orkup of the p rob lem  of the action  
of DNP under conditions of a lte re d  p a r t ia l  oxygen and carb o n  dioxide 
p r e s s u r e s  is  of undoubted in te re s t  both to the study  of the p ro b lem  of 
conjugate re s p ira t io n  and phosphory la tion , and of the m echan ism  of oxygen 
poisoning.

C o n c lu s io n s

1. Change in the p a r t ia l  oxygen and carbon  dioxide p r e s s u r e s  in  the 
inhaled  a ir  in fluences the developm ent of 2 — 4 d in itropheno l- induced 
h y p e rth e rm ia  in ra b b its .

2. Of g re a te s t  im p o rtan ce  in the developm ent of the h y p e rth e rm ic  e ffec t 
a f te r  DNP in jec tion  is  the p a r t ia l  oxygen p re s s u re .

3. The red u c tio n  by half of the p a r t ia l  oxygen p re s s u re  in the inhaled  
a ir ,  which o c c u rs  d u ring  a sc e n ts  to 5,500 m, p re v e n ts  the developm ent of 
h y p e rth e rm ia .

4. U nder an a tm o sp h ere  of c o m p ressed  oxygen a v e ry  m ark ed  a c c e le r a ­
tion of the c o u rse  of the h y p e rth e rm ic  re a c tio n  to the DNP in jec tion  
o ccu rs .

5. The in jec tion  of DNP su b stan tia lly  changes the n a tu re  of the body 's  
re a c tio n s  to the e ffec ts  of high and low p a r t ia l  oxygen and carb o n  dioxide 
p re s s u re s .
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T. N. Z heludkova, V. P . Z ag ry ad sk ii, and Z. K. Sulim o- Sam uillo

THE E F F E C T  ON THE BODY OF A PROLONGED STAY IN A GAS 
MEDIUM WITH AN INCREASED CARBON DIOXIDE CONTENT

(V liyanie na o rg an izm  d lite l'n o g o  p rebyvan iya  v gazovoi s re d e  
s  povyshennym  soderzhan iem  ug lek islo ty )

W hile the e ffec t on the bodies of an im a ls  of high carb o n  dioxide 
c o n cen tra tio n s  in  the inhaled  a i r  h a s  been stud ied  quite thoroughly  
(A l'b itsk ii, 1911; V eselk in , 1913; Golodov, 1946; Z ag ry ad sk ii, 1955; and 
o th e rs ) , th is  h a s  not been the  ca se  with the e ffec t of low carb o n  dioxide 
c o n cen tra tio n s  on the body. The co m p ara tiv e ly  n a rro w  scope of s tu d ie s  
m ade along th is  line (B erkovich and Shub, 1931; B re s tk in  e t a l., 1934; 
G elhorn , 1948; D ejourus, 1958; B e rn a tsk ii, 1960) do not p e rm it u s  to 
a s c e r ta in  the p o ss ib ility  of an im als  o r  m en rem ain in g  u n d er th e se  conditions 
fo r  a long p e rio d  o r  to  c h a ra c te r iz e  the a fte re ffe c t when the gas m ix tu re  is  
sw itched  to th a t of o rd in a ry  a tm o sp h eric  a ir .

The aim  of the p re s e n t work w as to  study the e ffec t on the an im al 
o rg a n ism  of b rea th in g , fo r  m any h o u rs , gas m ix tu re s  conta in ing  3% and 5% 
ca rb o n  dioxide with n o rm a l oxygen conten t and with one of about 40%.

Method

The e x p e rim e n ts  w ere  p e rfo rm e d  on 42 ra b b its . The a r t if ic ia l  gas 
m edium  w as c re a te d  in  a p r e s s u re  ch am b er having a volum e of 0.37 cu m , 
w ith a la rg e  window fo r  o b se rv in g  the an im al. The carb o n  dioxide conten t 
w as checked  with a  GEUK- 21 e le c tr ic  gas an a ly ze r; th a t of the oxygen, 
w ith an "O xytest" gas an a ly ze r. The s e t  ca rb o n  dioxide c o n cen tra tio n s  (3% 
and 5%) w ere  m ain ta in ed  in the ch am b er by ven tila tin g  it  w henever the 
carb o n  dioxide conten t becam e h ig h e r than  a given fig u re . F o r the p u rp o se  
of m ix ing  the  g ase s  in the p r e s s u re  ch am b er a fan  was in s ta lled .

B efore and a f te r  the effect of ca rbon  dioxide on ra b b its  the frequency  
and depth of re sp ira tio n , the ECG, EEG, and the r e c ta l  te m p e ra tu re  w ere 
re c o rd e d , and a study  w as m ade of the blood (m orpho log ica l com position  
and w hite blood count). F o r the p u rp o se  of re c o rd in g  the re s p ira tio n , ECG, 
and EEG  the ra b b it w as p laced  in a m e ta l t r a y  adapted  to the shape of i ts  
body. W hile lim itin g  body m ovem ent the t r a y  p e rm itte d  the an im al to 
re m a in  in a n a tu ra l p o sitio n  and le ft i ts  head f re e .  R esp ira tio n  was 
re c o rd e d  on an o sc illo g rap h  with a p r e s s u re  cuff se t on the an im al. The 
ECG w as m ade with a  back- c h e s t lead . N eed les in se r te d  u n d er the skin
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and held f irm  with a ru b b e r bandage se rv e d  as e le c tro d e s . The EEG was 
re c o rd e d  by the G. T. Sakhiulina m ethod (1953), with the u se  of a two- 
channel am p lifie r of the action  c u r re n ts  and a tw o- beam  cathode ra y  
o sc illo g rap h . The e le c tro d e s  w ere  p laced  in the m o to r a re a  of the co rtex .
In taking the EEG a study w as a lso  m ade of the re a c tiv ity  of the b ra in  to 
an audic s tim u lu s . A fter the s tim u lu s the functions being in vestiga ted  
w ere re c o rd e d  ev e ry  15 m in fo r  1.5 — 2 h r s .  D uring the tim e  the an im als  
w ere  in the ch am b er with in c re a se d  carbon  dioxide co n cen tra tion , th e ir  
r e s p ira to ry  m ovem ents w ere counted ev e ry  hour, and th e ir  gen era l 
behavio r was observ ed .

The anim als w ere exposed to the e ffec ts  of 3% and 5% carbon  dioxide 
fo r  6 and 12 h r s , with n o rm a l oxygen content and an oxygen content of 
about 40%. The a ir  te m p e ra tu re  in the ch am b er w as kept betw een 18 and 
20 ° .

In o rd e r  to follow the dynam ics of changes in  the functions being 
investiga ted  fo r  a longer p e rio d  than tha t o c c u rr in g  im m ed ia te ly  a f te r  the 
s tim u lus, a num ber of ex p e rim en ts  w ere  p e rfo rm ed  ou tside the p r e s s u re  
cham ber with the an im als  b rea th in g  the co rresp o n d in g  gas m ix tu re  through 
a m ask . At the sam e tim e , a re c o rd  w as m ade of the re sp ira tio n , ECG, 
and EEG, and the blood was analyzed.

The trac in g s  of the re sp ira tio n , ECG, and EEG w ere m ade in acco rdance  
with the above m ethod.

R esu lts  of the Investigation

The behavior of the an im als  changed v e ry  s ligh tly  in a gas m edium  with 
an in c re a se d  carb o n  dioxide conten t. Only fo r  the f i r s t  1— 1.5 h r s  did the 
ra b b its  s i t  fixed in one p lace . Then they began to eat, to jum p, wash 
th em se lv es , sniff the w alls of the ch am b er, and re a c t in a lively  m anner 
to sound and light s tim u li.

In the g re a t m a jo r ity  of ex p e rim en ts  (19 out of 22) an ap p rec iab le  
slowing of re s p ira t io n  w as o b se rv ed  in the an im als  b rea th in g  an in c re a se d  
carbon  dioxide and n o rm al oxygen content.

Thus, in ex p erim en t No. 14 dated  13 Ju ly  1960 the ra b b its ' r e s p ira to ry  
ra te  am ounted n o rm a lly  to 220 p e r  m in; a f te r  an hour in the ch am b er with 
a 3% carbon  dioxide content, 70 p e r  m in; a f te r  12 h rs , 48 p e r  m in. With 
a carbon  dioxide content of 5% in ex p erim en t No. 20 the r e s p ira to ry  ra te  
a f te r  an hour of b rea th in g  the gas m ix tu re  w as 112 in stead  of 212; a f te r  12 
h r s , 98 p e r  m in. On the average  fo r  a ll ex p erim en ts , the m axim um  
re s p ira to ry  ra te  a fte r  an ho u r in an a lte re d  gas m edium  d e c re a sed  by 68% 
from  the in itia l figure ; a f te r  6 h rs , by 74%; a f te r  12 h rs , by 78%. As a 
ru le , the slow ing of re sp ira tio n  was accom panied  by a deepening of it  and 
co n trac tio n  of the a c c e sso ry  m u scu la tu re  to the r e s p ira to ry  rhy thm . A fter 
the anim al was rem oved from  the ch am b er a m ark ed  in c re a se  in the 
r e s p ira to ry  ra te  was noted fo r  30—45 m in.

The n a tu re  of change in the r e s p ir a to ry  ra te  when the ra b b its  w ere  in 
a  gas m edium  contain ing 5% carb o n  dioxide and about 40% oxygen fo r  
6— 12 h r s  was not m uch d iffe ren t from  changes o c c u rr in g  with the gas 
m edium  contain ing 5% carbon  dioxide only. As e a r ly  as an hour a fte r  
being in the a lte re d  gas m edium  a p e r s is te n t  slow ing of re s p ira tio n  was 
o b serv ed  (in 11 out of 13 e x p e rim en ts). A fter the an im als  w ere rem oved
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from  the ch am b er an in c re a se  in the r e s p ir a to ry  ra te  w as a lso  o b se rv ed  
in m o st ex p e rim en ts  (in 9 out of 13). H ow ever, th is  in c re a se  in freq u en cy  
w as le s s  p ronounced  than a f te r  b rea th in g  a i r  contain ing  5% ca rb o n  dioxide. 
The in c re a se d  r e s p ir a to ry  ra te  was m ain ta ined  u su a lly  fo r  the f i r s t  15—30 
m in  of the a f te re ffe c t p erio d .

A ccord ing  to ECG data , the pu lse  ra te  of the ra b b its  in a gas m edium  
with an in c re a se d  carbon  dioxide conten t and a n o rm a l oxygen conten t 
d e c re a se d  c o n sid e rab ly  fro m  the in itia l ra te  (25—35 p e r  m in) in the m a jo rity  
of e x p e rim e n ts  (in 17 out of 22). In five e x p e rim e n ts  an in c re a s e  in  the 
pu lse  r a te  by an av erag e  of 20—25 b ea ts  p e r  m in  w as o b se rv ed . S tudies 
of the ECG m ade ev e ry  15 m in  while the ra b b it b rea th ed  a gas m ix tu re  with 
an in c re a se d  ca rb o n  dioxide conten t showed a slow ing of the h e a r t  r a te  as 
e a r ly  a s  15—20 m in a f te r  sw itch ing  to  the gas m ix tu re .

j SOjtn

I

*
or

Changes in the rabbit's EEG after 10 hours in an atmosphere with an increased CO2 content

1 —EEG in the air; 2 —EEG after a stay in a gaseous medium with a h^oCO^ content; 3 —the 
same with a 3 fy C 0 2  content; 4 —the same with a b tt}oC02 and a 40% O2 content. Dotted 
lin es—tim e in 0.1 sec.

In a num ber of ex p e rim en ts  the h e a r t  ra te  a f te r  the an im al had  been 
rem o v ed  fro m  the ch am b er did not re a c h  the in itia l lev e l a f te r  45—60 m in.

With a gas m ix tu re  contain ing  an in c re a se d  carbon  dioxide con ten t and 
an oxygen conten t of about 40%, im m ed ia te ly  a f te r  the an im als  w ere  taken  
out of the ch am b er such a c h a ra c te r is t ic  slow ing of the h e a r t  ra te  w as not 
seen . Out of nine ex p e rim en ts  a slow ing of the h e a r t  ra te  was noted in 
th ree ; in four th e re  was an in c re a se  in the frequency , and in two e x p e r i­
m en ts  the p u lse  ra te  rem ain ed  unchanged.

No sp ec ific  fe a tu re s  c h a ra c te r iz e  changes in the v a rio u s  p a ra m e te rs  of 
the ECG on b rea th in g  gas m ix tu re s  with in c re a se d  carbon  dioxide con ten ts.
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In a num ber of ex p erim en ts  an in c re a se  was noted in the voltage of the 
ECG w aves, p a r tic u la r ly  T and R, and not uncom m only a t the sam e  tim e 
the T wave becam e m o re  rounded. Often sinus a rrh y th m ia  w as observed . 
A fter b rea th in g  a gas m ix tu re  contain ing  5% carbon  dioxide and about 
40% oxygen, a reduction  in the vo ltages of the S and T w aves and a very  
slig h t p ro longation  of the PQ in te rv a l w ere o b se rv ed  in addition to the 
changes ind ica ted  above. A fter 30 — 40 m in of b rea th in g  a tm o sp h eric  a ir  
the n a tu re  of the ECG was the sam e as in itia lly .

In the case  of b rea th in g  gas m ix tu re s  with 3—5% carbon  dioxide and 
21% oxygen a reduction  of the re c ta l  te m p e ra tu re  was o b se rv ed  in the 
m a jo rity  of ex p e rim en ts  (17 out of 21), in two ex p erim en ts  th e re  was an 
in c re a se ; in two the te m p e ra tu re  rem ain ed  unchanged. Reduction of the 
r e c ta l  te m p e ra tu re  v a rie d  from  0 .2 — 1.9°. In the two ex p erim en ts  w here 
r s c ta l  te m p e ra tu re  in c re a se d , the am bient te m p e ra tu re  in the cham ber 
was h ig h er than usual and reach ed  26°.

With m ix tu re s  of 5% carbon  dioxide and 40% oxygen th e re  was a 
tendency tow ard  an in c re a se  in the re c ta l  te m p e ra tu re  by 0.4 —0.7° (in 
seven  out of 12 ex p erim en ts). On com paring  e lec tro en cep h a lo g ram s 
re co rd ed  in ra b b its  which b rea th ed  a ir  with a 5 % content of carbon  dioxide 
and those which b rea th ed  a gas m ix tu re  of 5% carbon  dioxide and 35 — 40% 
oxygen, e s se n tia l d iffe ren ces  w ere found in the n a tu re  of the e le c tr ic a l 
po ten tia l. Thus, in ra b b its  which b rea thed  a ir  containing 5% carbon  dioxide, 
tae  no rm al rhythm , c h a ra c te r iz e d  by fa s t waves (35—45 p e r sec) and 
p e r io d ic a lly -o c c u rr in g  slow w aves of the n - wave type (12— 16 p e r  sec), 
changed m arked ly  in the d irec tio n  of abso lu te predom inance  of slow high- 
voltage po ten tia ls  a f te r  the anim al had been rem oved from  the cham ber.
The EEG  of th is  n a tu re  was m ain tained , as a ru le , fo r  45 — 60 m in. D uring 
th is  p e rio d  the an im als w ere com pletely  im m obile and did not re a c t to 
sound s tim u li. M ost of them  showed pronounced exophthalam us. The EEG 
cf ra b b its  which b rea th ed  a m ix tu re  of oxygen and carbon  dioxide was 
abso lu te ly  d iffe ren t. In the a fte re ffec t period  an in c re a se  w as noted in the 
frequency  and am plitude of ji-p o te n tia ls  with an a lm o st com plete  absence 
of slow w aves. In th ese  ra b b its  a high deg ree  of m o to r ac tiv ity  was o b served .

The seg m en ts  of the EEG p re se n te d  on the figu re  depict g rap h ica lly  
Ihese d iffe ren ces in the n a tu re  of b io e le c tr ic a l ac tiv ity  of the c e re b ra l  
co rtex  in both s e r ie s  of ex p erim en ts .

The a fte re ffec t p e rio d  of ra b b its  exposed to the gas m edium  contain ing 
5% carbon  dioxide fo r  6 and 12 h r s  was c h a ra c te r iz e d  by the appearance  

of slow high- voltage waves on the EEG. As a ru le , th is EEG was m ain tained  
to r  45 m in a fte r  the ra b b it had been taken out of the cham ber. G radually  
a re a s  with an in c re a se d  (i- rhythm  w ere noted on the EEG. The an im al 
regained its  n o rm al m o to r ac tiv ity  60 to 90 m in a f te r  it had been rem oved 
::'rom the ch am b er. At the sam e tim e  a p ro g re ss iv e ly  g re a te r  no rm aliza tio n  
jf the EEG could be seen .

An a tm o sp h ere  contain ing  5 % carbon  dioxide re su lte d  in co n sid e rab le  
n c re a se  in the white blood count during  the a fte re ffe c t p erio d . This in c re a se  
5,000—4,000 above the in itia l fig u re , was m ain ta ined  fo r two days. The 
m orphological p ic tu re  was c h a ra c te r iz e d , in c o n tra s t to the in itia l back­
ground, by in c re a se  in the pseudoeosinophil (segm ented) count and a 
reduction  of the lym phocyte count. When the carbon  dioxide content was 
;qual to 3%, s im ila r  changes w ere o bserved  in the white blood. When, in
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add ition  to  carb o n  dioxide, th e re  w as an in c re a se d  oxygen conten t in  the 
'a m b ie n t a tm o sp h e re , the ra b b its  showed a v e ry  s lig h t leu k o cy to sis  only on 
the second day a f te r  the effec t. In addition, a red u c tio n  in  the p seu d o ­
eosinoph il count and an in c re a se  in the lym phocyte count o c c u rre d .

D iscu ssio n  of R esu lts

The e x p e rim e n ts  p e rfo rm e d  showed th a t a f te r  the an im a ls  had been 
fo r  m any h o u rs  in  a gas m edium  with a 3% o r  p a r t ic u la r ly  a 5% con ten t of 
ca rb o n  dioxide content, pronounced  functional changes w ere  o b se rv ed  in 
re sp ira t io n , the c a rd io v a sc u la r  sy s tem , and c e n tra l  n e rv o u s sy s tem . T his 
is  in ag re e m e n t with da ta  ob tained  by o th e r  au th o rs .

M. P . B re s tk in  (1934), s tudying  p ro b le m s involved in  a s s u r in g  physio ­
lo g ica l cond itions fo r  the crew  in a  s tra to s p h e re  balloon gondola, showed 
th a t in c re a s e  in the carb o n  dioxide co n cen tra tio n  of the a i r  to 3% fa iled  to 
p ro d u ce  any pronounced a b n o rm a litie s  in the body. Thus, only a 
m o d e ra te  in c re a s e  in the r a te  and depth of r e s p ir a to ry  m ovem en ts w as 
o b se rv ed . With in c re a se  in the carbon  dioxide co n cen tra tio n  to 6 % the 
su b jec t becam e incapab le  of w orking. The au th o r b e liev es  th a t to m a in ta in  
a  p e r s o n 's  effic iency  in  the gondola it  is  ad v isab le  to keep the carbon  
dioxide co n cen tra tio n  a t a lev e l of 0 .5 — 1 %.

Sim ons and A rch ibald  (1958), on the b a s is  of ex p erien ce  accum ula ted  as 
a  r e s u l t  of in v estig a tio n s in the su b m arin e  flee t, point out th a t when hum an 
beings a re  in an a ir t ig h t cab in  fo r  a p ro longed  p erio d , the p e rm is s ib le  lim it 
fo r  the carb o n  dioxide co n cen tra tio n  is  3%. H ow ever, the au th o rs  believe 
th a t to p rev en t red u c tio n  in effic iency  it would be m o re  "cau tious" to u se  
a 1 % carb o n  dioxide concen tra tio n .

O ur e x p e rim e n ts  showed th a t e s se n tia l  functional changes o c c u rre d  in 
an im a ls  in an a ir t ig h t ch am b er fo r  6— 12 h o u rs  when the carbon  dioxide 
con ten t w as 3% and 5%. T hese changes w ere e x p re sse d  in a slow ing and 
deepening of re sp ira tio n , a slow ing of ca rd ia c  ac tiv ity , in c re a se  in the 
vo ltage of the ECG, and low ering  of the body te m p e ra tu re .

With a rap id  sw itch  to a tm o sp h e ric  a i r  a pronounced  a f te re ffe c t w as 
o b se rv ed . It w as e x p re sse d  in m ark ed  inh ib ition  of m o to r ac tiv ity , 
in c re a s e  in  the r e s p ir a to ry  ra te , v e ry  s lig h t slow ing of the h e a r t  r a te ,  and 
leu k o cy to sis . The d eg ree  of th e se  functional changes is  dependent not only 
on the co n cen tra tio n  of carbon  dioxide and the d u ra tio n  of i ts  effec t, but 
a lso  on the individual c h a ra c te r is t ic s  of the body. M ost c h a ra c te r is t ic  of 
the carb o n  dioxide a f te re ffe c ts  w ere s igns of m ark ed  inh ib ition  of the 
c e n tra l  n erv o u s sy s tem , e x p re sse d  in an abso lu te p redom inance  of slow 
h igh- voltage p o ten tia ls  on the EEG as w ell as the a n im a l's  lack  of re a c tio n  
to audio s tim u li. As is  w ell known, V. N. B e rn a tsk ii (1960) found s ig n s of 
p ro longed  tra n sm a rg in a l inhibition  in ra b b its  during  an inv estig a tio n  of 
conditioned re f le x e s  and in the EEG a f te r  they had b rea th ed  a gas m ix tu re  
conta in ing  6 — 7% carbon  dioxide fo r  1.5 h r s .  In ou r ex p e rim en ts  signs of 
inh ib ition  w ere  found even a fte r  b rea th in g  a ir  contain ing  3% carb o n  dioxide.

It should be em phasized  th a t an im als  in  an a ir tig h t ch am b er contain ing  
3—5% carb o n  dioxide fo r  a long tim e , show signs of adaptation  to an 
in c re a se d  carbon  dioxide conten t. A fte r being in the gas m edium  fo r  1 — 2 h r s
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the re sp ira tio n  of the an im als  becam e even; they  re a c te d  in a lively  
m an n er to ligh t and sound s tim u li, a te , e tc . H owever, when th e re  was a 
change in the gas com position  (i. e., a sw itch to b rea th in g  o rd in a ry  
a tm o sp h eric  a ir)  pronounced functional changes w ere again o b se rv ed , and 
deep inhibition  of the c e n tra l nervous sy stem  developed. P robab ly , the 
physio log ica l m echan ism s which prov ide fo r adaptation  to in c re a se d  
carbon  dioxide co n cen tra tio n s lose th e ir  benefic ia l sign ificance  when 
th e re  is  a m arked  change in the com position  of the gas m edium . In th is  
connection, the question  a r is e s  as to the s ign ificance  of a g radua l change 
fro m  an a lte re d  gas m edium  to the u su a l a tm o sp h eric  conditions and as 
to the optim um  dura tion  of the change, p a r tic u la r ly  a fte r  m any days of 
being in a gas m edium  with an in c re a se d  carbon  dioxide content. This 
prob lem  re q u ire s  ex p erim en ta l study.

In ex p erim en ts  with a pro longed s tay  under a gas m edium  contain ing 5% 
c a r to n  dioxide and about 40% oxygen, the a f te re ffe c ts  a f te r  sw itching to 
a tm ospheric  a ir  w ere  found to be le s s  pronounced. The a fte re ffec t perio d  
in these  ex p erim en ts  w as s h o r te r , inhibition  of the c e n tra l  nervous system  
was le s s  prolonged, and a s ligh t in c re a se  in the r e s p ira to ry  ra te  was 
observed . T h ere fo re , the addition of about 40% oxygen to the gas m edium  
contain ing  an in c re a se d  carbon  dioxide co n cen tra tio n  red u c e s  the u n fav o r­
able effect of carbon  dioxide and m akes it e a s ie r  fo r  the o rg an ism  to 
sw itch  o v e r to n o rm al a tm o sp h eric  a ir .  T his is  ev idently  a r e s u l t  of the 
antagonism  betw een the effec ts  of oxygen and carb o n  dioxide in th e ir  action  
on the body, which has been pointed out by P . M. A l'b itsk ii (1911), E . G elhorn 
(1948), and a num ber of o th e r au th o rs .

I. I. Golodov (1946) de te rm in ed  the fac t tha t the in c re a se d  oxygen content 
of the gas m ix tu re  le s se n s  the an esth e tic  effect of high carbon  dioxide 
co n cen tra tio n s . O ur data  p e rm its  us to suppose tha t in c re a se d  oxygen 
co n cen tra tio n s  (as high as  40%) con sid erab ly  red u ce  the unfavorab le  effect 
of p ro longed b rea th in g  of gas m ix tu re s  contain ing carb o n  dioxide. This 
fac t m ay be of p ra c tic a l im portance  in c a se s  w here a change is  m ade from  
a lte re d  gas conditions to o rd in a ry  a tm o sp h eric  a ir .

C onclusions

1. A gas m edium  contain ing 3 — 5% carbon  dioxide acting  on ra b b its  fo r 
6— . 2 h r s  cau ses  functional changes in re sp ira tio n , c a rd ia c  ac tiv ity  and 
heal regu la tion .

2. A  rap id  sw itch of the an im als  from  a m edium  with an in c re a se d  con­
ten t of carbon  dioxide to o rd in a ry  a tm o sp h eric  a ir  is  accom plished  by a 
m ark ed  a fte re ffec t la s tin g  1.5—2 h rs .

o. The m ost c h a ra c te r is t ic  m an ifesta tio n  of the a fte re ffec t of prolonged 
b rea th in g  of gas m ix tu re s  contain ing  an in c re a se d  carbon  dioxide content 
is  deep inhibition developing in the c e n tra l h ig h er nervous system  c e n te rs  
of tlie ra b b its .

The a fte re ffec t p e rio d  is  co n sid e rab ly  reduced  (to 30 m in) and is  
accom panied by le s s  pronounced functional changes when the 5% carbon  
dioxide content is  m ixed with 35 — 40% oxygen.
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B. A. N e ss ir io

ADAPTIVE REACTION OF THE HUMAN BODY TO THE REPEA TED  
E F FE C T S OF INCREASED AIR PRESSURE (ACCORDING TO DATA ON 

THE STUDY OF HIGHER NERVOUS ACTIVITY)

(P risp o so b ite l 'n a y a  re a k ts iy a  o rg an izm a  cheloveka k povtornom u deistv iyu 
pc'vyshennykh davlen ii vozdushnoi s re d y  (po dannym izucheniya vysshei

nervno i deyatel'nosti))

As exp erien ce  in diving p ra c tic e  h as  shown, if a p e rso n  is  rep ea ted ly  
u n d er p re s s u re ,  the output of work done under th e se  conditions in c re a se s . 
However, no sp ec ia l, re g u la r  s tu d ies  of adaptive re a c tio n s  of the hum an 
o r  an im al o rg an ism  to rep ea ted  e ffec ts  of in c re a se d  a ir  p r e s s u re s  can be 
found in the availab le  l i te ra tu re . C oncern ing  the o v e ra ll physio log ica l 
e ffec t of c o m p re sse d  a ir  on an im als  and m an, it has been shown tha t the 
an esth e tic  p ro p e r t ie s  of in c re a se d  n itrogen  p re s s u re s  a re  of p r im e  
im p o rtan ce  (Behnke e t a l . , 1935, 1938; N. V. L aza rev , 1941; L. A. O rbeli, 
e t a l . , 1944; G. L. Z a l'tsm a n , 1961; and o th e rs) .

The o b jec t of the p re se n t work was to study adaptive re a c tio n s  of the 
hum an body to the rep ea ted  effec ts  of in c re a se d  a ir  p r e s s u re s .

Method

The investig a tio n s w ere m ade on seven d iv e rs  betw een the ages of 19 
and 30 with app rox im ate ly  the sam e length of diving ex p erien ce . Each 
sub jec t was rep ea ted ly  exposed to the effect of the sam e co nstan t p re s s u re  
of 4.6 and 8 atm  in a d ry  p re s s u re  ch am b er. In o rd e r  to evaluate  the 
adaptive reac tio n , the h ig h er nervous ac tiv ity  of the su b jec ts  was studied .

U nder no rm al p r e s s u re  in the cham ber, the conditioned m o to r re flex es  
w ere e lab o ra ted  on an e le c tr ic  re fle x o m e te r  by the follow ing m eans: speech 
re in fo rcem en t to a painful cu taneous s tim u la tion  with a c u rre n t, a steady  
and a flick e rin g  white ligh t with a frequency  of 120 p e r  m in (C j2o). and a 
d iffe ren tia l f lic k e r  frequency  of 100 p e r  m in, as well as v e rb a l designations 
of the d ire c t s tim u li. To evaluate  the condition of in te rn a l inhibition a 
delayed conditioned re flex  to red  light with a lag  of 6 o r  10 sec was 
e lab o ra ted . The v e rb a l re a c tio n s  w ere stud ied  by m eans of the v e rb a l 
s te ro ty p e  m ethod which we m odified: to each of th ree  v e rb a l s tim u li 
(" tab le" , "c h a ir" , " ra p " )  w ritten  on se p a ra te  g lass  p la te s  and shown in an 
a rb i t r a ry  o rd e r , the sub jec t was to respond  with a sing le  word, r e s p e c ­
tively , "o ld", "new", and "w eak". To one of th ese  w ord s tim u li (d ifferen t
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in each  investiga tion ) th e re  w as to be no re sp o n se . M ental e ffic iency  was 
stud ied  by m ean s of a rith m e tic  e x e rc is e s  (the addition of 2 d ig it nu m b ers).

The s tim u li of the p o sitiv e  conditioned m o to r re f le x e s  w ere  used  
s e r ia l ly  5 — 7 tim e s  w ith p a u se s  of 10—20 sec  betw een them , while d iffe re n ­
tia tio n  and the v e rb a l s tim u li of the v e rb a l s te reo ty p e  w ere  u sed  3—4 tim e s  
each . The sequence of s tim u li to m o to r re a c tio n s  w as co nstan t in each 
de te rm in a tio n ; the sequence of v e rb a l s tim u li v a ried . A re c o rd  w as m ade 
of the la te n t p e r io d s  of the re a c tio n s  (with an acc u ra cy  w ithin 0.01 sec) and 
the  m agn itudes of the conditioned m o to r re f le x e s  (in re la tiv e  u n its  on a 
sc a le  of 100 d iv isions). A ll the s tu d ies  took 15— 18 m in; they  w ere  m ade 
a t n o rm a l a i r  p r e s s u r e  im m ed ia te ly  b efo re  the beginning of d escen t and 
then  w ere  re p e a te d  im m ed ia te ly  a f te r  com pletion  of co m p re ss io n . The 
in te rv a l betw een the re p e a te d  descen t w as u su a lly  1 — 3 days.

To check  the r e s u l ts  obtained, an add itional in v estig a tio n  was m ade of 
19 u n tra in ed  student d iv e rs . H igher nervous ac tiv ity  w as stud ied  by 
m ean s of a p ro o fread in g  m ethod acco rd in g  to s tan d a rd  ta b le s  of 
V. Ya. A nfim ov and A. G. Ivanov- Sm olenskii.

The in d ices  of h ig h er n erv o u s ac tiv ity  changes o c c u rr in g  u n d er condi­
tions of in c re a se d  p r e s s r e  w ere  tre a te d  s ta t is t ic a lly  by the m ethod of 
"eva lua tion  of the d iffe ren ces  betw een the m eans, in the c a se  of re la te d  
d a ta" (K am inskii, 1959). The "c lo se n e ss  of connection" betw een the 
v a r ia tio n s  of th e se  in d ices  in the c a se  of rep ea ted  app lica tio n s of 
p r e s s u r e  and the n um ber of "d e sc e n ts"  w as d e te rm in ed  by the c o rre la tio n  
m ethod. A c o rre la tio n  coeffic ien t above 0.3 co n stitu ted  an ind ica tion  of 
a p o sitiv e  connection; such a connection  was re g a rd e d  as an e x p re ss io n  of 
the b io log ica l adaptive re a c tio n  of the o rg an ism .

R esu lts

In the c a se  of p r e s s u r e s  o v e r 4 atm , the sub jec t developed the 
follow ing su b jec tive  sen sa tio n s : num bness of the lip s  and tongue, dull 
pain  in the skin, see in g  " s p a rk s  f lic k e rin g  b efo re  the eyes"; two su b je c ts  
noted aud ito ry  h a llu c in a tio n s, n au sea  and d e s ire  to vom it. D uring the 
c o u rse  of 27 — 29 rep ea ted  app lica tions of p r e s s u re  the sub jec tive  s ig n s of 
n itro g en  in tox ica tion  did not d e c re a se  ap p rec iab ly . At the sam e  tim e , 
how ever, the su b je c ts  noted th a t during  rep ea ted  d escen ts  they  g rad u a lly  
fe lt le s s  on guard  and le s s  anxious — fee lin g s a sso c ia te d  w ith the 
ap p earan ce  of unusual sub jec tive  se n sa tio n s  — and th a t th e re  w as an 
in c re a s e  in the sen se  of w ork in the pow er of analyzing  o n e 's  own actions 
and re s tra in in g  em otional re a c tio n s .

With the change in the fee lin g  of w ell- being during  the s tay  under 
p r e s s u re ,  a s im u ltaneous in c re a se  in the la ten t p e rio d  and the m agnitude 
of the conditioned re f le x e s  w as noted . Thus, u n d er a p r e s s u r e  of 6 atm  
the  la ten t p e rio d  of the reac tio n  to painfu l cu taneous stim u la tio n  with a 
c u r re n t in c re a se d  by an av e rag e  of 0.05 sec (21%); of the re a c tio n  to 
white light, by 0.04 sec (9.7%); to  C l20 , by 0.18 sec (4.8%). The tim e 
lag  in c re a se d  by 1.14 sec (18.7%); the la ten t p e rio d  of v e rb a l re a c tio n s  
in c re a se d  by 0.11 sec  (8.2%); and, finally , the tim e  needed fo r  so lv ing  
the a rith m e tic  p ro b le m s in c re a se d  by 0.23 sec (7.7%). The p ro b ab ility
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th a t th e se  changes w ere  sign ifican t was 8 0 —99%. The m agnitude of the 
conditioned m o to r re f le x e s  in c re a se d  by an av erag e  of 2 .5 —6,2 u n its  
(6 .7— 15.2%) with a p ro b ab ility  of 95—99%.

With the u se  of the in h ib ito ry  s tim u lu s  (C jqq) u n d e rp re s s u re ,  breakdow ns 
of d iffe ren tia tio n s  w ere  noted, and in only one sub jec t w as th e re  m o re  
freq u en t inh ib ition  of the po sitiv e  re a c tio n  to  Ci20* The num ber of e r r o r s  
m ade in solv ing a r ith m e tic  p ro b le m s in c re a se d . As a ru le , no qua lita tive  
d is o rd e rs  w ere  o b se rv ed  in the study of the v e rb a l s te re o ty p e . A ll the 
su b jec ts  did th e ir  p ro o fread in g  w ork m o re  slow ly (on the av e rag e , by 
10.8%); m any o m itted  po sitiv e  sym bo ls o r  even whole lin e s . The ab ility  
to d iffe ren tia te  the sym bo ls was m ain ta ined .

TABLE 2

Number of repeated descents necessary for normalization o f indices of proofreading tests

Subject
Air pressure 

(in atmospheres)

Number of 
correctly under­

lined symbols 
(rate of work)

Number of 
positive symbols 

missed

Number of 
incorrectly 
underlined 
symbols

Number of 
entire lines 

omitted

K-n 4 - - - -

E-o 4 - - - -

S-ko 4 - - - -

K-k 4 - 2 - 2

S-a 4 2 2 - -
K-v 4 - - - -

N-k 4 - - - -

Ch-i 4 - - - -

V-v 4 - - - -

M -i 4 - - - -

K-ya 6 i - - -

Z-ka 6 6 - - -

A-v 6 7 -1 1 - - -

Zh-v 6 3 - - -

K-o 6 4 - - -

G-v 6 3 3 - -

I-o 6 5 - - -

Sh-k 6 2 2 - 2

L-n 6 - - - -

N o t e .  The dash indicates that no relative normalization of the indices occurred.

A ll th e se  changes w ere  d ire c tly  re la te d  to the d e g re e s  of p r e s s u r e  u sed , 
to  the ind iv idual se n s itiv ity  of the d iv e rs , to the e ffec t of n itro g en  and to 
the d ifficu lty  of the ta sk s .
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Dynamics of changes in the latent periods of the verbal reaction 
in divers Zh-v and B-ysh( average figures)

a — air pressure of 0 atm; b — 4 atm; c — 8 atm . On the abscissa, 
the ordinal numbers of the tests; on the ordinate, the latent period

The fig u re  show s r e s u l ts  of d e te rm in a tio n s  of the la te n t p e rio d s  of 
v e rb a l re a c tio n s  w ith the u se  of rep e a te d  e ffec ts  of c o m p ressed  a i r  in two 
su b jec ts , who d iffe red  in th e ir  individual se n s it iv it ie s  to the n itrogen  
effec t. In one of them  (Zh-va), a f te r  a pronounced in c re a se  in the la ten t 
p e rio d  at the tim e  of the f i r s t  de te rm in a tio n  u n d er an a ir  p r e s s u re  of 
4 atm , a d is tin c t redu c tio n  o c c u rre d  in the th ird  d e te rm in a tio n  (the c o r ­
re la tio n  coeffic ien t r fo r  the f i r s t  th re e  d escen ts  w as 0.95). In subsequent 
d e te rm in a tio n s  s ta b iliz a tio n  of the la te n t p e rio d  w as noted. In ano ther 
sub jec t iB -sha) un d er an a i r  p r e s s u re  of 8 atm  the la te n t p e rio d  of the 
v e rb a l re a c tio n s  in  the f i r s t  d e te rm in a tio n  exceeded  the in itia l f ig u re s  by 
a to ta l of 10% and in subsequen t d e te rm in a tio n s  it  rem a in ed  at ap p ro x im ate ­
ly  the sam e leve l (r= + 0 ,028).

T here fo re , in the f i r s t  c a se  it  w as p o ss ib le , from  the change in the 
la ten t p e rio d  of v e rb a l re a c tio n s , to note adaptation  to the rep ea ted  
n itrogen  effect of the co m p re sse d  a ir  a f te r  th re e  descen ts ; in the la s t  
su b jec t no pronounced adaptation  o c c u rre d .

The r e s u lts  of the o th e r s tu d ies  m ade, tre a te d  in a s im ila r  way, a re  
shown in Table 1.

F ro m  the da ta  obtained it follow s th a t in the de te rm in a tio n  of the la ten t 
p e rio d  and the m agnitude of the conditioned re a c tio n s  an adaptive re a c tio n  
could be found in about half the ca se s*  The ra te  of re la tiv e  n o rm aliza tio n  
of the la ten t p e rio d s  of the conditioned m o to r re a c tio n s  (to the painful 
cu taneous s tim u la tion  with the c u r re n t  and to white light) and the v e rb a l 
re a c tio n s  (verbal s te reo ty p e) w as app rox im ate ly  the sam e; accustom ation  
o c c u rre d  during  the f i r s t  th re e  to seven  d escen ts  in the m a jo rity  of c a se s .

* In most cases it was impossible to determine definitely the trends of the variation in the erroneous respones, 
because tfiey were so few.
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S im ila r  r e s u l ts  w ere  ob tained  in  the  study  of the adap tive re a c tio n  of 
19 s tuden t d iv e rs  by the s im p lified  m ethod  — by m ean s  of p ro o fread in g  
te s ts  (Table 2). If we judge by the in c re a s e  in  the ra te  of w ork, adap ta tion  
of the su b jec t a lso  o c c u rre d  during  the  f i r s t  two to sev en  d e sc e n ts  in  the 
m a jo rity  of c a s e s .

The s tu d ie s  showed th a t the ra te  of adap ta tion  of the su b je c ts  to the 
ac tion  of c o m p re sse d  a ir  depended on th e ir  ind iv idual s e n s it iv it ie s  to 
n itro g en , the d eg ree  of p r e s s u r e  used , and the d ifficu lty  of the  ta sk . U nder 
cond itions o th e rw ise  equal, the g re a te r  th e se  th re e  fa c to rs , the g re a te r  
the num ber of d e sc e n ts  n e c e s s a ry  fo r  re la tiv e  n o rm a liza tio n  of h ig h er 
n e rv o u s ac tiv ity .

In conclusion , we should dw ell on the r e s u l ts  of sp e c ia l c o n tro l s tu d ies  
m ade to  d e te rm in e  the e ffec t of v a rio u s  fa c to rs  in  the e x p e rim e n ta l 
s itu a tio n  on the su b je c ts ' cond itions. It w as found th a t no defin ite ly  
d ire c te d  changes in  h ig h e r n e rv o u s ac tiv ity  re su lte d  from  such  a sso c ia te d  
fa c to r s  a s  in c re a se d  a i r  te m p e ra tu re , no ise  of incom ing  a ir ,  in c re a se d  
p a r t ia l  oxygen and carb o n  dioxide p r e s s u r e s ,  and m ech an ica l e ffec ts  of 
gas p r e s s u r e s  equ ivalen t to  those  ac ting  on the hum an body when a ir  
p r e s s u r e  is  ra is e d  to  4 — 10 atm . T h is su g g ests  a connection  betw een the 
dynam ics of changes in conditioned- re f le x  ac tiv ity  found in  the su b jec ts  
during  re p e a te d  te s ts  u n d er p r e s s u re ,  and accu sto m atio n  to the n itro g en  
e ffec t in the  c o m p re sse d  a ir .

D iscu ssio n  of R esu lts

The in v es tig a tio n s  m ade showed th a t the adaptive re a c tio n  o c c u rr in g  
from  re p e a te d  app lica tio n s of p r e s s u r e  is  not u n iv e rsa l. D uring  the f i r s t  
seven  d e sc e n ts  an ap p rec iab le  re c o v e ry  of the s im p le s t, ch iefly  
q uan tita tive  in d ices  of h ig h er n erv o u s ac tiv ity  w as noted, such  a s  those  of 
la te n t p e rio d , m agnitude of the re a c tio n , as  w ell a s  b eh av io ra l re a c tio n s .

R ecovery  of th e se  functions m ay, ap p aren tly  be re g a rd e d  a s  the r e s u l t  
of g rad u a l w eakening of the toxic e ffec t of n itro g en  on the h ig h e r c e n tra l 
n e rv o u s sy stem  c e n te rs . C oncern ing  the m ech an ism  of ac tion  of in c re a se d  
n itro g en  p r e s s u r e s ,  f i r s t  should be m entioned  a d iso rd e r  of p ro c e s s e s  of 
in te rn a l inh ib ition  (d isru p tio n  of d iffe ren tia tio n , delay , e tc .) , which w as 
shown in sp e c ia l s tu d ie s  of G. L. Z a l 'tsm a n  (1961) and co n firm ed  by our 
data . T h e re fo re , the o b jec t of tra in in g  the hum an body to the in itia l 
an es th e tic  e ffec t of n itro g en  is , in  o u r opinion, to  n o rm a liz e  p ro c e s s e s  of 
in te rn a l inh ib ition  and red u ce  the g en e ra lized  inh ib ition  of c o r tic a l 
re a c tio n s . The d a ta  ob tained  p e rm its  u s  to  suppose th a t re c o v e ry  of 
v a r io u s  ty p es of in te rn a l inh ib ition  does not o c c u r un ifo rm ly  but depends 
on d iffe ren t fa c to rs , p r im a r i ly  on the com plex ity  of the ta sk  being c a r r ie d  
out. Thus, co m p ara tiv e ly  sim p le  ta sk s  (negative re sp o n se s  to w ord 
s tim u li in a  v e rb a l s te reo ty p e , d iffe ren tia tio n  of le t te r s ,  com binations of 
them  in p roo fread ing ) w ere  c a r r ie d  out a lm o st w ithout e r r o r  even the 
f i r s t  tim e  the su b je c ts  w ere  u n d er p re s s u re .

E m otional, b eh av io ra l and sp ec ia lly  e lab o ra ted  m o to r re a c tio n s  w ere 
ap p rec iab ly  d is in h ib ited  in the f i r s t  and second te s ts ,  but d u rin g  the 
c o u rse  of re p e a te d  n itro g en  e ffec ts , becam e p ro g re s s iv e ly  m o re  adequate . 
T h e re fo re , sp ec ia l tra in in g  w as needed fo r  re la tiv e  n o rm a liza tio n  of th ese  
functions.
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The m ore  d ifficult ta sk  of d iffe ren tia tin g  betw een C ioo  and C 12O 
freq u en c ies  was freq u en tly  p e rfo rm ed  in c o rre c tly , not only d u ring  the 
f i r s t  d escen t but a lso  in subsequent ones, i. e ., desp ite  tra in in g . Only a 
few su b jec ts  showed a tendency tow ard  g radua l im provem ent.

F inally , in the investiga tion  of the delayed conditioned re flex  it was 
im p ossib le  to o b se rv e  even a tendency tow ard  n o rm aliza tio n  of the la ten t 
p erio d , desp ite  i ts  d is tin c t in c re a se  in the f i r s t  and rep ea ted  d escen ts .

F rom  a p ra c tic a l  aspect, the  r e s u l ts  obtained ind ica te  th a t such tra in in g  
se ss io r .s  fo r  d iv e rs  can  b rin g  about a c e r ta in  redu c tio n  of the p a ra ly z in g  
effect of the an esth e tic  p ro p e r t ie s  of n itro g en  on the functions of the h ig h er 
n ervous sy stem  c e n te rs . T hereby  it is  possib le  to in c re a se  the ra te  at 
which m en ta l and ph y sica l w ork is  p e rfo rm e d  under in c re a se d  p re s s u re ,  
to adequately  adapt the d iv e rs  to evaluating  th e ir  own fee ling  of w ell- being 
and the su rro u n d in g  s itu a tion . The la t te r  m ay be of defin ite  im portance  in 
in c re a s in g  the safe ty  of deepw ater d ives.

C onclusions

1. A study w as m ade of the dynam ics of h ig h er nervous ac tiv ity  ind ices
of su b jec ts  rep ea ted ly  under conditions of in c re a se d  a ir  p r e s s u re s  (4—8 atm). 
The re a c tio n  d em o n stra ted  h as  the n a tu re  of an adaptive reac tio n .

R elative n o rm aliza tio n  of the ind ices  of h ig h er nervous ac tiv ity  o c c u rs  in 
the m a jo rity  of c a s e s  a f te r  th re e  to seven  d escen ts .

2. ^lie n a tu re  of the adaptive re a c tio n s  depended on the deg ree  of 
d iso rd e r  of h igher nervous ac tiv ity  un d er p re s s u re .  The g re a te r  the 
p r e s s u re ,  the m ore, sen s itiv e  the su b jec t to the anesthe tic  e ffec t of n itrogen , 
and the m o re  d ifficu lt the ta sk , the m o re  pronounced w ere  the changes in 
h ig h er n erv o u s ac tiv ity  and the g re a te r  w ere the num ber of rep ea ted  d escen ts  
n e c e s sa ry  fo r  re la tiv e  n o rm a liza tio n  of them .

3. T ra in in g  se s s io n s  ag a in st the in itia l an esth e tic  e ffec t of n itro g en  in 
d iv e rs  p e rm it an in c re a se  in the output of th e ir  work under in c re a se d  
p re s s u re .
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Yu. M. Polum iskov

THE PROBLEM  OF THE MECHANISM OF OCCURRENCE OF 
PULMONARY PRESSURE TRAUMA DURING THE BREATHING OF

AIR AND OXYGEN

(K voprosu  o m ekhanizm e vozniknoveniya b a ro trav m y  legkikh p r i  
dykhanii vozdukhom i k islorodom )

A sm e ll num ber of p a p e rs  (Polak and A dam s, 1932; G erm an and 
A lekseev, 1955; and o th e rs )  have been w ritten  on the study of the etiology 
and pa thogenesis  of p r e s s u re  tra u m a  of the lungs.

To date, the effect of the deg ree , rap id ity  of in c re a se , and du ra tion  of in tr a -  
pu lm onary  p re s s u re  on the o cc u rre n ce  of pu lm onary  p re s s u re  tra u m a  
re m a in s  u n c lear. No investiga tion  h as  been m ade of the e ffec t of rep ea ted  
in c re a s e s  of in trap u lm o n ary  p re s s u re  on the co u rse  of p r e s s u re  trau m a .

O ur ir.vestigation  w as on th ese  p ro b lem s.

Method

The ex p erim en ts  w ere p e rfo rm ed  on c a ts  of both sex es  w eighing from  
2 — 5 kg, under evipan an es th es ia . To p rev en t blood coagulation , a so lu tion  
of germ anine  (0.2 g /k g  body weight) o r  h ep arin  (200—300IU /kg) w as given 
in trav en o u sly  before  beginning the ex p erim en t. D uring the co u rse  of the 
ex p erim en t the blood p re s s u re ,  re sp ira tio n , in tra p le u ra l p re s s u re ,  in tr a ­
pu lm onary  p re s s u re  and tim e  m ark in g  w ere re c o rd e d  on a kym ograph.

In re c o rd in g  the re sp ira tio n , an in fla tab le  ru b b e r cuff with soft t ie s  
which did not p rev en t ch e s t expansion w as se t on the ch es t and upper 
abdom en, In trap u lm o n ary  p re s s u re  was m easu red  by in troducing  into the 
in tra p le u ra l space  of the rig h t o r  both lungs la rg e -  c a lib re  need les  connected  
to a m e rc u r ia l  o r  w a te r m an o m eter and having a side p ro c e s s  fo r  rem o v al 
of the e x c e ss  gas from  the in tra p le u ra l space  (suction  of gas).

The anim al was trach eo to m ized , and to one end of the T- p iece  of the 
trach eo to m y  cannula a ru b b e r tube w as connected  fo r  the p u rp o se  of 
in c re a s in g  the in trap u lm o n ary  p re s s u re .  The gas m ix tu re  w as fed through 
a  re g u la to r , which a ssu re d  the n e c e s sa ry  speed in in c re a s in g  in trap u lm o n a­
ry  p re s s u re  and the re q u is ite  du ra tion  of i ts  action.

The exp erim en ta l an im als  w ere  given a ir  o r  oxygen to b rea th e .
Gas em boli p en e tra tin g  into the blood s tre a m  in the case  of pu lm onary  

p re s s u re  tra u m a  w ere caught by m ean s of a g la ss  cannula tra p  2 m l in 
volum e which had f i r s t  been filled  with germ anine  solu tion  (0.2 g) o r
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h ep a rin  so lu tion  (200 IU). The cannula  tr a p s  w ere se t in tHC le ft com m on 
c a ro tid  a r te r y  and rig h t fem o ra l a r te ry .  A d esc rip tio n  of them  is  given in 
the a r t ic le  by P.M . G ram en itsk ii and A. A .Savich ,published in th is  co llec tion .

R esu lts  of the E x p e rim en ts

P neum othorax  was d e te rm in ed  by the o c c u rre n ce  of p o sitiv e  in tra p le u ra l 
p r e s s u r e  and the r e s u l ts  of subsequen t au topsy  of the an im als .

m

liilnW

The effect of an increase in inuapulmonary pressure on rhe change in blood pressure, respiration, and 
intrapleural pressure from pulmonary pressure trauma. Kymogram of experiment No. 14, dated 20 April 1960

From right to left, reading upward: T im e marking - 5 -  second intervals; hand-switched marking o f the 
rate of increase and duration of the effect of inuapulmonary pressure; intrapulmonary pressure (in  mm Hg); 
intrapleural pressure on the right side of the chest (in  mm H^O); blood pressure (in  mm Hg); respiration.

To p roduce  pu lm onary  p re s s u re  trau m a , th e  deg ree  of in trap u lm o n ary  
p re s s u re  w as in c re a se d  g radually  from  5 to 60 m m  Hg.

If with in c re a se  of in trap u lm o n ary  p re s s u re  to 5— 10 m m  Hg no change 
o c c u rre d  in the in tra p le u ra l p r e s s u re  ind ica ting  pneum othorax , a f te r  5 — 7 
m in it was ra is e d  to 20 m m  and then by 10— 15 mm each tim e  un til the 
in tra p le u ra l p r e s s u re  becam e positive , ind ica ting  tha t pneum othorax  had 
o c c u rre d .

The kym ograph in ex p erim en t No. 14 gives an idea of the n a tu re  of the 
changes o c c u rr in g  in p re s s u re  tra u m a  of the lungs.

In ex p erim en t No. 14, before  the beginning of the p ro c e d u re , the blood 
p re s s u re  am ounted to 105 m m ; the pu lse  was 72 p e r  min; r e s p ira tio n  was 
deep, i ts  ra te  24 p e r  m in . The in tra p le u ra l p re s s u re  on the r ig h t s ide  of 
the ch e s t was equal to 20 m m  of w ate r. O ver a p e rio d  of 30 sec the in t r a ­
pu lm onary  p re s s u re  ro se  to 34 m m , at which level it  w as m ain ta ined  fo r  
40 sec . T hereby  the blood p re s s u re  dropped to 16 m m ; the p u lse , to 228 
p e r  m in; apnea o c c u rre d . In the 35th second of the e ffec t of g re a te s t
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in trap u lm o n ary  p F e ssu re  the in tra p le u ra l p r e s s u re  was equal to 52 m m  of 
w a te r. The in trap u lm o n ary  p re s s u re  dropped to a tm o sp h e ric  in one second. 
Ten seconds la te r  the blood p re s s u re  was 145 m m ; the pu lse , 144; th e re  
was apnea; the in tra p le u ra l p re s s u re  was equal to 50 m l of w ate r. The 
f i r s t  in sp ira tio n  o c c u rre d  a f te r  30 sec .

The c lin ica l p ic tu re  120 sec a f te r  reduc tion  of in trap u lm o n ary  p re s s u re  
was as follow s; blood p re s s u re  110 mm Hg; pu lse , 108; re sp ira tio n  
deep, i ls  ra te  28 p e r  m in; in tra p le u ra l p re s s u re ,  50 m l of w ater.

TABLE 1

The occurrence of pulmonary pressure trauma (in  numbers of cases)

Kind Df 
animal

Total 
number of

Degree of intrapulmonary pressure (in  mm Hg) at which pulmonary 
pressure trauma occurs

experiments 10-20 21-30 31-40 41-50 51-60

C ats................ 46 11 11 13 10 1

Dogs . . . . 2 - - 1 - 1

T o ta l. . 4B 11 11 14 10 2

The cat w as k illed  20 m in a f te r  the reduction  of in trap u lm o n ary  
p re s s u re  to  a tm o sp h e ric . At autopsy em physem a of both lungs w as found; 
th e re  w as a la rg e  n um ber of punctate  and focal h em o rrh a g e s  on the co sta l 
su rface  and a t the lung ro o ts . No o th e r changes w ere  found.

F o r the p u rp o se  of d e te rm in in g  the in trap u lm o n ary  p re s s u re  at which 
pu lm onary  p re s s u re  tra u m a  o c c u rs , 46 ex p erim en ts  w ere p e rfo rm e d  on 
c a ts  anti two on dogs; the data  obtained is  shown in Table 1.

P neum othorax  in p r e s s u re  tra u m a  f i r s t  o c c u rre d  on one s ide , a s  a ru le . 
F u rth e r  in c re a se  in  the in trap u lm o n ary  p re s s u re  o r  in c re a se  in du ra tion  
a t the sam e p re s s u re  le ad s  to pneum othorax on the o th e r side a lso .

Of the 48 ex p erim en ts  p re se n te d , pu lm onary  p re s s u re  tra u m a  o c c u rre d  
in 10 when the an im al b rea th ed  oxygen. In th e se  c a se s  pneum othorax  
o c c u rre d  at the sam e d eg re e s  of in trap u lm o n ary  p re s s u re  as when c a ts  
b rea th e  a ir .

At autopsy em physem a of both lungs and a la rg e  num ber of punctate  and 
(in som e experim en ts) focal h em o rrh a g e s  w ere found in a ll an im a ls . Gas 
bubbles w ere found around the blood v e s se ls  of the lung ro o ts , so m etim es  
in  the m ed ias tin a l t is s u e s .

A ll the ex p erim en ts  of th is  s e r ie s  showed tha t at a p r e s s u re  of le s s  than 
60 m m  Hg pu lm onary  p re s s u re  tra u m a  w as n ev er accom panied  by a r te r ia l  
gas em bolism .
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TABLE 2

Tile occurrence of arterial gas embolism in pulmonary pressure trauma (number of cases)

Degree o f intra­
pulmonary pres­
sure (in m m H g)

Number of 
experiments

Pulmonary pressure trauma 
without arterial gas embolism

Pulmonary pressure trauma with 
arterial gas embolism

Cats Dogs Cats Dogs

60-100 27 18 - 9 -

101-140 39 20 1 17 1

141-200 8 4 1 3 -

T o t a l 74 42 2 29 1

TABLE 3

Pulmonary pressure trauma as a function of rapidity of increase 
of the intrapulmonary pressure (number of cases)

Intr«ipulmonary Number of Duration of increase o f Intrapulmonary pressure (in  sec)
pressure (in mm Hg) experiments 1-5 10-30

1 0 - 3 0  ....................... 22 6 16

31 — 60 ........................ 26 13 13

T o t a l .................... 48 19 29

TABLE 4

Arterial gas embolism in pulmonary pressure trauma as a function of rapidity of increase in the
intrapulmonary pressure from 60 to 100 mm Hg (number of cases)

Nature of expression 
of pulmonary pressure 

trauma

Number of 
experiments

Duration of increase in intrapulmonary 
pressure (in  sec)

1-5 10-30

Without arterial gas
embolism 44 19 25

With arterial gas embolism 30 13 17

T o t a l 74 32 42
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Subsequently , 71 ex p e rim en ts  w ere p e rfo rm ed  on c a ts  and th re e  on dogs 
to d e te rm in e  the d eg ree  of in trap u lm o n ary  p re s s u re  at which p re s s u re  
tra u m a  of the lungs is  accom panied by gas em bolism  of the blood v e sse ls .
The r e s u l ts  obtained a re  shown in Table 2.

F rom  Table 2 it is  evident th a t with in c re a se  in the in trap u lm o n ary  
p re s s u re  from  60 to 200 mm Hg, pu lm onary  p re s s u re  tra u m a  with a r te r ia l  
gas em bolism  o c c u rre d  in 30 out of 74 ex p e rim en ts  (40.5%), i .e ., pulm onary  
p re s s u re  Irau m a  was o bserved  m o re  often  unaccom panied by gas em bolism . 
In c re a se  in the in trap u lm o n ary  p re s s u re  above 140 m m  Hg does not re su lt 
in the mo r e  frequen t o cc u rre n ce  of a r te r ia l  gas em bolism . We believe 
tha t a r te r ia l  gas em bolism  o c c u rs  in an anim al when the a p p ro p ria te  
anatom ical and physio log ica l conditions a re  c re a te d  fo r  gas en te rin g  the 
a r te r ia l  blood s tre a m . In o th e r c a s e s  it e n te rs  the m ed ias tin a l tis su e , 
tis su e  of the re tro p e rito n e a l space , and subcutaneous tis su e  of the upper 
p o rtio n  of the ch es t and neck. In m ost ex p e rim en ts  fu r th e r  in c re a se  in 
p r e s s u re  only in c re a se s  the gas e n te rin g  th ese  a re a s .

A com p ariso n  of the re s u lts  obtained from  the b rea th ing  of a ir  and of 
oxygen shows tha t the n a tu re  of the gas m ix tu re  has no e s se n tia l influence 
on the o c c u rre n ce  of a r te r ia l  gas em bolism  in pu lm onary  p re s s u re  trau m a . 
Thus, with b rea th ing  of a ir ,  em bolism  of the blood v e sse ls  was observed  
in 25 out of 60 an im als  (41.7%); with oxygen, in 5 out of 14 (35.7%).

A utopsy on the an im als  showed that in c re a se  in the in trapu lm onary  
p re s s u re  leads to a g re a t accum ulation  of gas in the m ed ias tin a l tis su e , 
tis su e  of the re tro p e r ito n e a l space , neck, and ch est. In the case  of pu l­
m onary  p re s s u re  tra u m a  with a r te r ia l  gas em bolism , in c a ts  a co n siderab le  
num ber of gas bubbles w as found in the m edium - s ized  and sm all a r te r ie s .

An in te re s tin g  c h a ra c te r is t ic  was observed : in an im als  with pulm onary  
p re s s u re  tra u m a  and a r te r ia l  gas em bolism , con sid erab ly  m ore  a ir  
accum ulated  in the tis su e  of the a n te r io r  m ed iastinum  and neck; in an im als 
w ithout gas em bolism  under the influence of the sam e d eg re e s  of in tr a ­
pu lm onary  p re s s u re ,  the gas m o re  frequen tly  went into the tis su e  of the 
p o s te r io r  m ed iastinum  and re tro p e r ito n e a l space. This fact co n firm s our 
opinion th a t in pu lm onary  p re s s u re  trau m a , aside  from  the deg ree  of in tr a ­
pu lm onary  p re s s u re ,  a g re a t p a r t  is  played by anatom ic c h a ra c te r is t ic s , 
which have an influence on the d irec tio n  of m ovem ent of the gas in the body.

A study of the e ffec t of ra p id ity  of in c re a se  of in trapu lm onary  p re s s u re  
on p re s s u re  tra u m a  of the lungs showed tha t with ex tension  of the perio d  
of such in c re a se , pu lm onary  p re s s u re  tra u m a  tended to o ccu r at low er 
p r e s s u re s  (Table 3).

As is  evident from  Table 4, in th ese  ex p erim en ts  the effect of the 
rap id ity  of p re s s u re  in c re a se  on the o cc u rre n ce  of gas em bolism  is  m an ifest.

T ab les 5 and 6 show the r e s u lts  of ex p erim en ts  on the o cc u rre n ce  of 
pu lm onary  p re s s u re  trau m a  and accom panying gas em bolism  as  a function 
of the dura tion  of action of m axim um  in trapu lm onary  p re s s u re .

As is  evident from  Table 5, the longer the period  of action  of the 
m axim um  in trap u lm o n ary  p re s s u re  the m o re  frequen tly  pneum othorax 
o c c u rs  al a low er p re s s u re .

As is  evident from  Table 6, in c re a se  in the perio d  of action  of the 
m axim um  in trapu lm onary  p re s s u re  lead s to the m o re  freq u en t o cc u rre n ce  
of pu lm onary  p re s s u re  tra u m a  accom panied by a r te r ia l  gas em bolism .
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TA BLE 5

Pulmonary pressure trauma as a function of the duration of action of intrapuimonary pressure
(number of cases)

Intrapuimonary Number of Duration of action of intrapuimonary pressure (in  sec)
pressure 

(in  mm Hg)
experiments

1-20 21-40 41-60

10-40 36 11 18 7

41-60 12 6 5 1

T o t a l 48 17 23 8

TABLE 6

Arterial gas embolism in pulmonary pressure trauma as a function of the duration 
of action o f intrapuimonary pressure, from 60 to 200 mm Hg (number of cases)

Nature of expression 
of pulmonary 

pressure trauma

Number of
Duration of action of intrapuimonary pressure 

(in  sec)
experiments 1-20 21-40 41-60

Without arterial gas 
embolism 44 22 15 7

With arterial gas embolism 30 13 11 6

T o t a l 74 35 26 13

To d e te rm in e  the e ffec t of a rep ea ted  in c re a se  in the in trap u im o n a ry  
p r e s s u r e  on the o c c u rre n ce  of a r te r ia l  gas em bolism  in p u lm onary  p re s s u re  
tra u m a , we p e rfo rm e d  ex p e rim en ts  on 57 an im als  with induced pu lm onary  
p re s s u re  tra u m a  in which the in trap u im o n ary  p re s s u re  w as in c re a se d  
from  2 to 6 t im e s  in each  ex p erim en t. In a ll, in 57 e x p e rim e n ts  the 
p r e s s u r e  w as in c re a se d  re p ea ted ly  207 tim e s . In 148 c a s e s  the in tra p u i­
m o n ary  p r e s s u r e  w as in c re a se d  from  10 to 60 m m  Hg; in 59 c a s e s , from  
61 to 200m m  Hg. Of th is  num ber (59) the p r e s s u re  in 20 ex p e rim en ts  was 
ra is e d  again in an im a ls  with pu lm onary  p re s s u re  tra u m a  accom panied  by 
a r te r ia l  gas em b o lism .

Out of a ll 207 c a se s , gas bubbles re a p p e a re d  in the cannula  tr a p s  when 
the in trap u im o n ary  p re s s u re  of 80—120 m m  Hg was reach ed  in only 2 an im als . 
When i:he p r e s s u re  was ra is e d  a second  tim e  a r te r ia l  gas em bolism  
o c c u rre d  in one ca t which had p rev io u sly  had gas em bolism ; in  ano ther ca t 
it  o c c u rre d  fo r  the f i r s t  tim e .

The second p re s s u re  r i s e  alw ays led to the en tran ce  of add itional gas 
into the in tra p le u ra l sp ace , the m e d ia s tin a l tis su e , re tro p e r ito n e a l space.
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neck, and ch est, cau sin g  a d e te rio ra tio n  of the c o u rse  of pu lm onary  
p re s s u re  tra u m a .

D iscussion  of R esu lts

The ex p e rim en ts  p e rfo rm ed  showed tha t pneum othorax  in dogs and 
c a ts  alw ays o c c u rs  when the in trap u lm o n ary  p re s s u re  is ra is e d  from  10 
to 60 mm Hg.

We dete rm in ed  the o c c u rre n ce  of pu lm onary  p re s s u re  tra u m a  by the 
appearance  of p ositive  in tra p le u ra l p re s s u re  and by r e s u lts  of autopsy.
The pc'Ssibility cannot be denied tha t pneum othorax o c c u rs  w ithout in ju ry  
to  the v is c e ra l p le u ra  o r  change in the in tra p le u ra l p r e s s u re  when the gas 
can e n te r  the in te r s t i t ia l  sp aces  of the lung ro o ts . N ev e rth e le ss , the data  
obtained in o u r ex p e rim en ts  p e rm itte d  u s, with a c e r ta in  deg ree  of 
re lia b ility , to m ake dynam ic o b se rv a tio n s  of the changes o c c u rr in g  as a 
re s u lt  of pu lm onary  p re s s u re  trau m a .

A r te r ia l  gas em bolism  accom panying pu lm onary  p re s s u re  tra u m a  
o ccu rr ed in o u r ex p e rim en ts  only with in c re a se  in the in trap u lm o n ary  
p re s s u re  from  60 to 200 m m  Hg (in 30 out of 74 ex p erim en ts).

It should be noted th a t the o c c u rre n ce  of a r te r ia l  gas em bolism  in 
pu lm onary  p re s s u re  tra u m a  in the c a t o r  dog was judged by the appearance  
of v is ib le  gas bubbles in the cannula  tra p s  and, at autopsy, in sm all and 
m edium - sized  a r te r ie s  of the lea ft h e a rt.

T here  is  the p o ss ib ility  th a t in pu lm onary  p re s s u re  tra u m a  inv isib le  
gas bubbles m ay fo rm  and p e n e tra te  into the blood s tre a m , but ou r m ethod 
did not p e rm it such a d e te rm ina tion .

On the b a s is  of da ta  obtained in th e se  ex p erim en ts  it m ay be supposed 
tha t a d e te rm in a tiv e  fa c to r  in the o ccu rren ce  of pneum othorax in c a ts  and 
dogs with p re s s u re  tra u m a  is  the physio log ica l lim it of re s is ta n c e  of lung 
tis su e  to the in trap u lm o n ary  p re s s u re  c re a te d . This re s is ta n c e  d iffe rs  
in eacli an im al but is  equal to no m o re  than 55 — 60 m m  Hg.

The in c re a se d  du ra tion  of the e ffec t of in trap u lm o n ary  p re s s u re  red u ces  
the capacity  of the lung tis su e  fo r w ithstanding the p re s s u re  c re a te d , and 
pu lm onary  p re s s u re  tra u m a  o c c u rs  at a low er p re s s u re .

It cannot yet defin ite ly  be explained why at a p re s s u re  above 60 m m  Hg 
a r te r ia l  gas em bolism  accom pan ies pu lm onary  p re s s u re  tra u m a  in som e 
c a se s  and not in o th e rs . It m ay only be supposed tha t the o c c u rre n ce  of 
a r te r ia l  gas em bolism  in p r e s s u re  tra u m a  depends on som e anatom ic o r  
physio logical conditions which a re  re sp o n sib le  fo r  gas e n te rin g  into the 
blood s tre a m  o r  m ed ia s tin a l tis su e , tis s u e  of the re tro p e r ito n e a l 6pace, 
the neck and ch est when the p re s s u re  exceeds 60 m m  Hg. Thus, gas 
em boli sm o c c u rre d  m o st often when the in trap u lm o n ary  p re s s u re  was 
betw een 60 and 130 m m  Hg while subsequent in c re a se  in the p re s s u re  ra re ly  
produced  it. In c re a se  in the dura tion  of action  of in trap u lm o n ary  p re s s u re  
lead s to the m ore  freq u en t o c c u rre n ce  of gas em bolism , but only up to a 
c e r ta in  lim it.
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C onclusions

1. P neum otho rax  o c c u rs  in dogs and c a ts  when the in trap u lm o n ary  
p r e s s u r e  is  in c re a se d  from  10 to 60 m m  Hg, m o st often betw een 20 and 
40 m m  Hg.

2. In c re a se  in the d u ra tion  of action  of in trap u lm o n a ry  p re s s u re  ca u se s  
p r e s s u re  tra u m a  of the lungs at low er p r e s s u re s .

3. In som e c a s e s  of pu lm onary  p re s s u re  tra u m a  v is ib le  a r te r ia l  gas 
em bolism  can  o c c u r when the in trap u lm o n a ry  p re s s u re  is  r a is e d  above 
60 mm  H gand is accom pan ied  by the sim u ltaneous en tran ce  of a la rg e  num ber 
of gas bubbles into the le ft h e a r t  and the a r te r ie s  of the e n tire  body of 
the an im al.

4. The n a tu re  of the gas m ix tu re  b rea th ed  is  of no e s s e n tia l  im p o rtan ce  
in the m echan ism  of o c c u rre n ce  of pu lm onary  p re s s u re  tra u m a  o r 
accom panying a r te r ia l  gas em bo lism .
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Yu. M. P o lum iskov

THE PROBLEM  OF THE E F F E C T  OF BREATHING OXYGEN IN THE
RESORPTION OF GAS EM BOLI DM THE VASCULAR SYSTEM OF AN 

ANIMAL AND ON THE COURSE OF PULMONARY PRESSURE TRAUMA

(K voprosu  o v liyanii dykhaniya k islo rodom  na ra s s a s y v a e m o s t1 
gazovykh em bolov v k rovenosnoi s is te m e  zhivotnogo i techenie  

b a ro trav m y  legkikh)

A ccord ing  to availab le  b ib liograph ic  so u rc e s  on an im al ex p erim en ts , 
the sign ificance  of b rea th in g  oxygen in pu lm onary  p re s s u re  tra u m a  with 
a r te r ia l  gas em bolism  has not been studied  to date. H ow ever, the w orks 
of P . B er (1878), B. D. K ravch insk ii and S. P . S h istovsk ii (1936),
V. A. A lekseev  (1945), A. P . B res tk in  (1952), and o th e rs  have p roved  tha t 
the use  of oxygen is  very  effective in a c c e le ra tin g  the re so rp tio n  of n itrogen  
by the body, and in  p rev en tio n  and tre a tm e n t of d eco m p ressio n  s ic k n e ss .

With the aim  of d e te rm in in g  the effect of b rea th in g  oxygen on re so rp tio n  
of gas bubbles in  the blood v e s se ls  with pu lm onary  p re s s u re  trau m a , we 
p e rfo rm ed  17 ex p e rim en ts  on ca ts .

Method

The m ethod of p e rfo rm in g  th e se  ex p e rim en ts  has been d esc rib ed , by and 
la rg e , in o u r a r t ic le s , "The P ro b lem  of the M echanism  of O ccu rren ce  of 
P u lm onary  P r e s s u r e  T rau m a  D uring the B rea th in g  of A ir and Oxygen" and 
"T he P ro b lem  of T rea tm en t of P u lm onary  P r e s s u r e  T rau m a", published 
in th is  co llection .

In five ex p erim en ts , an im als  w ere sw itched to b rea th in g  oxygen 30 — 50 
m in befo re  beginning the in c re a se  in in trap u lm o n ary  p re s s u re .  Then 
pu lm onary  p re s s u re  tra u m a  w as produced, accom panied by a r te r ia l  gas 
em bolism . W here n e c e ssa ry , gas was a sp ira te d  from  the p le u ra l cav itie s  
of the an im al. A fter re c o v e ry  of re sp ira tio n  and c ircu la tio n  the ca t 
continuad to b rea the  oxygen. The deg ree  of reduction  of gas bubbles in the 
blood s tre a m  was d e te rm in ed  by the change in th e ir  num ber in the cannula 
tra p  of the left c a ro tid  a r te ry . At the end of the ex p erim en t the anim al 
w as k illed , and an autopsy was p erfo rm ed .

In five ex p e rim en ts  pu lm onary  p re s s u re  tra u m a  with a r te r ia l  gas 
em bolism  was produced  with a ir .  Twenty seconds a f te r  p r e s s u re  was 
reduced  to the in itia l level, the c a t was sw itched o v er to b rea th in g  oxygen 
fo r  the r e s t  of the experim en t.
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In seven  an im als  pu lm onary  p re s s u re  tra u m a  was p roduced  with a ir  
alone, which w as b rea th ed  throughout the e n tire  ex p erim en t. T hese 
e x p e rim e n ts  se rv e d  as the co n tro ls .

R esu lts

T able 1 show s the r e s u l ts  of the f i r s t  group of five  ex p e rim e n ts , w here 
oxygen w as b rea th ed  throughout.

TABLE 1

The effect o f breathing oxygen on the resorption of gas emboli in blood vessels during pulmonary pressure 
trauma (intrapulmonary pressure was raised with oxygen)

Number of 
experiment

Quantity of gas in 
cannula trap with 
occurrence of pul­

monary pressure 
trauma

Period of 
breathing oxygen

Quantity of gas 
In cannula trap at 
end of experiment

Characteristics o f  pathological 
picture found at autopsy

l i 0 ,4—0.5 ml 32 min 0 .4 -0 .5  ml Gas bubbles in the m edium ­
sized and small arteries, in 
the left atrium and ventricle, 
and coronary arteries

801 0.1 ml 60 min 6 gas bubbles Several gas bubbles in the 
mesenteric arteries o f the small 
intestines

80 1 .2 - 1 .4  ml 1 hr 36 min 2 gas bubbles No gas in blood vessels or 
cardiac chambers

85. 1 .5 - 1 .6  ml 2 hrs 25 min 20 gas bubbles The same
80 1 .5 -1 .6 2 hrs 45 min 21 gas bubbles The same

N o t e .  All the animals were in a satisfactory condition until the end of the experiment. Where the 
exact nuantity of gas in the cannula trap could not be determined in m l, the number of gas bubbles found 
is given instead in the tables.

F ro m  Table 1 it i s  evident tha t with the o c c u rre n ce  of pu lm onary  
p r e s s u r e  tra u m a  1 an im al had about 40 gas bubbles (0.1 m l) in the cannula  
trap ; 1 had about 0.5 m l of gas; and 3 had from  1.2 to 1.6 m l of gas. In 
one ca t, w hich b rea th ed  oxygen fo r  32 m in, no red u c tio n  in  the quantity  of 
gas w as noted. Two c a ts  b rea th ed  oxygen from  1 to 2 h rs ; 2, from  2 to  
3 h r s .  In th e se  4 an im als  only s e v e ra l gas bubbles re m a in e d  in the 
cannu la  tra p  at the end of the ex p erim en t. The an im als  w ere  k illed , and 
at au topsy  the follow ing was found: in 2 an im als  which had b rea th ed  
oxygen fo r  32 and 60 m in  re sp e c tiv e ly , gas bubbles w ere  found in the sm a ll 
and m ed ium - s ized  a r te r ie s  of the m e se n te ry  and sm a ll in te s tin e , and in 
the c o ro n a ry  a r te r ie s ;  in the o th e r 3, which had b rea th ed  oxygen fo r  m o re  
than  an hour, no gas w as found in the blood v e s se ls  o r  in the ca rd ia c  
ch am b er. No d is tu rb an ce  of re s p ira t io n  o r  c irc u la tio n  w as found in any 
of the c a ts  d u ring  the e n tire  ex p erim en t.

In ano ther group of ex p e rim en ts , five  c a ts  w ere  sw itched  o v e r to 
b rea th in g  oxygen 20 sec a f te r  the o c c u rre n ce  of pu lm onary  p re s s u re  tra u m a  
(T able 2).
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TABLE 2

The effect o f breathing oxygen on the resorption of gas emboli in blood vessels in pulmonary pressure trauma 
(the intrapulmonary pressure was raised with air)
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Characteristics o f pathological 
pictures found at autopsy

99 0.1 1 hr 25 min No gas Satisfactory In the blood vessels and in 
cardiac chambers gas was 
absent

103 0.1 1 hr 25 min Same Same Same
96 0.1 2 hrs •• "
89 0 .6 -0 .7 2 hrs 55 min "
98 0.6—0.7 2 hrs 1 bubble Death Several gas bubbles in the 

right atrium only

In Table 2 it is  shown th a t in 3 out of 5 c a ts  th e re  w ere  as m any as 
40—50 gas b u b b les .(0.1 m l) in the cannula  tra p s ; in 2 o th e rs , 0.6 —0.7 m l. 
The f i r s t  3 c a ts  b rea th ed  oxygen from  1 h r  and 25 m in  to 2 h r s ,  and the 
gas bubbles of the cannula  t r a p s  w ere  com plete ly  re so rb e d . Two c a ts  
with a la rg e  quantity  of gas in the cannula tra p  b rea th ed  oxygen fo r  2 h r s  
and 55 rr in . In one of them  gas bubbles w ere  re so rb e d ; in the o th e r, only 
1 bubble rem ain ed , but the an im al died, and the ex p erim en t w as stopped. 
F our out of five c a ts  rem ain ed  in a  sa tis fa c to ry  condition un til the  end of 
the experim en t, and then w ere  k illed . At autopsy no gas w as found in  the 
blood v e s se ls  o r  c a rd ia c  ch am b ers  of th e se  an im als. In the ca t which 
died se v e ra l gas bubbles w ere found in the r ig h t a triu m , but th e re  was no 
gas in the a r te r ie s  o r  veins of the body o r  in te rn a l o rg an s.

In the th ird  group of ex p e rim en ts  7 c a ts  b rea th ed  a ir  th roughout the 
ex p erim en t (Table 3).

F rom  Table 3 it is  evident th a t in the th ird  group of ex p e rim en ts  
pu lm onary  p re s s u re  tra u m a  was accom panied  by the en tran ce  of no m o re  
than 40—50 gas bubbles (0.1 m l) into the cannula  tra p s . Two out of seven  
an im als  w ere k illed  55 m in a fte r  in c re a se  in  the in trap u lm o n ary  p re s s u re .  
U ntil the end of the ex p erim en t the quantity  of gas in  the cannula  tra p  
rem ain ed  p ra c tic a lly  unchanged. At autopsy gas bubles w ere  found in the 
m ed ium - sized  and sm all a r te r ie s  of the in te rn a l o rg an s  and body of the 
an im al. T here  was no gas in  the c a rd ia c  ch am b er. Two of the an im als  
died a f te r  1 h r  and 11 m in and 1 h r  and 43 m in. In the f i r s t  the quantity  of 
gas in the cannula tra p  rem ain ed  as before; in the second, the gas was 
re so rb e d . At autopsy gas bubbles w ere  found in  both the m e se n te r ic  
a r te r ie s  of the sm a ll in te s tin e . T here  w as no gas in the o th e r  blood 
v e s se ls  and ca rd iac  ch am b ers . T h ree  c a ts  b rea th ed  a i r  fro m  2 h rs  40 m in

230



TA
BL

E 
3

T
he

 e
ff

ec
t 

of
 b

re
at

hi
ng

 a
ir

 o
n 

th
e 

re
so

rp
tio

n 
of

 g
as

 e
m

bo
li 

in
 t

he
 b

lo
od

 v
es

se
ls

 i
n 

pu
lm

on
ar

y 
pr

es
su

re
 t

ra
um

a 
(t

he
 i

nt
ra

pu
lm

on
ar

y 
pr

es
su

re
 w

as
 r

ai
se

d 
w

it
h 

ai
r)

231



to 3 h r s  and 55 m in. In 1 the gas was com plete ly  re so rb e d  tow ard  the 
end of the experim en t; in 2 o th e rs , the num ber of gas bubbles sim ply  
d ec re a sed . One of th e se  2 an im als  died; the o th e r 2 w ere k illed . In 1 out 
of 3 an im als  gas bubbles w ere found at autopsy in the m e se n te r ic  a r te r ie s  
of the la rg e  and sm all in te s tin e s . In the o th e r 2 gas w as absen t from  the 
blood v e s s e ls  and ca rd ia c  c h am b ers . T h e re fo re , in only 2 out of 7 an im als 
w ere the gas bubbles in the cannula  tra p  re so rb e d  as the ex p erim en t 
continued; in the o th e r 5 the num ber of gas bubbles rem ain ed  as before 
o r  d e c re a sed  v e ry  sligh tly . In addition, on b rea th in g  a ir  3 out of 7 an im als  
died.

At autopsy we found a c h a ra c te r is t ic  fea tu re ; in a ll 5 c a ts  which had 
b rea th ed  a ir  fo r m o re  than an hour, punctate  h e m o rrh ag es  the size  of a 
p inhead w ere  found under the ep icard iu m , along the c o u rse s  of the co ro n a ry  
v e s se ls  and in the v ic in ity  of the m e se n te r ic  a r te r ie s  of the sm a ll and 
la rg e  in te s tin e s . In som e an im als th ese  h em o rrh ag es  becam e confluent, 
form i ng an a re a  the s ize  of a kopeck coin.

The m echanism  of o c c u rre n ce  of th ese  h e m o rrh ag es  is  u n c lea r , but we 
believe they w ere fo rm ed  at the p lace  at which gas em boli w ere found, 
because  none of the 10 an im als  b rea th in g  oxygen showed any h em o rrh ag es . 
P robab ly , the v e ry  slow so lu b iliza tion  of gas bubbles during  the b rea th ing  
of a i r  led to b reak s  in the blood v e s s e ls . As the r e s u lt  of th is , at the 
s i te s  of in ju ry  to the blood v e s se l wall blood ex trav asa ted  into the su rro u n d ­
ing t is s u e s . The fo rm atio n  of a th rom bus is  d ifficu lt under such conditions, 
because the an im als  had f i r s t  been given a la rg e  quantity of heparin .

D iscussion  of the E x p erim en ta l Data

The re s u lts  of ou r ex p e rim en ts  showed that re so rp tio n  of gas bubbles 
in the blood s tream  o c c u rs  m o re  rap id ly  in an im als b rea th in g  oxygen than 
in  those b rea th ing  a ir .  U sually  2 — 3 h r s  of continuous b rea th in g  of 
oxygen was su ffic ien t fo r  the com plete  d isap p earan ce  of gas bubbles from  
the cannula tra p  in the c a ro tid  a r te ry  and p e r ip h e ra l blood v e s se ls . The 
change in the num ber of gas bubbles in the cannula tra p  co rresp o n d ed  
e sse n tia lly  to the n a tu re  of changes in gas em boli in the a n im a l's  blood 
v e s se ls . R esorp tion  of gas bubbles o c c u rs  som ew hat m ore  slow ly in the 
cannula tra p  than in blood v e sse ls ; at autopsy we freq u en tly  fa iled  to find 
gas in the a r te r ie s ,  while gas bubbles w ere  s t i l l  being found in the cannula 
tra p .

The ex p erim en ts  we p e rfo rm ed  with c rea tio n  of pu lm onary  p re s s u re  
tra u m a  and a r te r ia l  gas em bolism  p e rm itted  us to d e te rm in e  the e ffec t of 
the n a tu re  of the gas m ix tu re  being b rea th ed  (oxygen and a ir)  on the co u rse  
of the d iso rd e r . P u lm o n ary  p re s s u re  tra u m a  and a r te r ia l  gas em bolism  
w ere  o b serv ed  in 30 [sic ] an im als.

F ive out of 30 an im als  b rea th ed  oxygen during  the ex p erim en t and 
rem ain ed  in good condition (100%) un til the end of the ex p erim en t.

In 8 [sic] an im als pu lm onary  p re s s u re  tra u m a  was produced  by a ir  
p r e s s u re .  Twenty seconds a f te r  the a ir  p re s s u re  w as reduced  they  w ere 
sw itched o v er to b rea th in g  oxygen. Four of them  died (50%); the o th e rs  
rem iiined  in a sa tis fa c to ry  condition throughout the experim en t.
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D uring the e n tire  ex p e rim en ts  17 [sic ] an im als  b rea th ed  a ir .  D uring 
the ex p erim en t 10 (58.8%) died; the r e s t  w ere  k illed .

On the b a s is  of the d a ta  p re se n te d  it  m ay be co n sid e red  th a t the co m p o si­
tio n  of the m ix tu re  being b rea th ed  e x e r ts  an influence not only on the 
r e s o rp tio n  of gas bubbles in  the blood s tre a m  but a lso  on the subsequen t 
c o u rse  of p u lm onary  p re s s u re  tra u m a .

C onclusions

1. P u lm o n ary  p r e s s u r e  tra u m a  cau sed  by an in c re a se  in oxygen 
p re s s u r e  in the lungs with subsequen t b rea th in g  of oxygen a f te r  redu c tio n  
of p r e s s u re  is  d isting u ish ed  by m o re  fav o rab le  developm ent than  in  the 
c a se  of b rea th in g  a ir  alone.

2, The b rea th in g  of oxygen fo r  2 — 4 h r s  by an im als  with pu lm onary  
p re s s u r e  tra u m a  and a r te r ia l  gas em bolism  lead s  to  com ple te  abso rp tio n  
of gas em boli in  the blood s tre a m . In the c a se  of b rea th in g  of a ir  the 
so lu b iliza tio n  of the gas bubbles o c c u rs  m uch m o re  slow ly, and a t autopsy 
m u ltip le  h e m o rrh a g e s  a re  found in  the an im als  along the c o u rse s  of the 
c o ro n a ry  blood v e s s e ls , m e se n te r ic  a r te r ie s ,  of the sm a ll and la rg e  
in te s tin e s , and those  of o th e r  o rg an s .
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Yu. M. Polum iskov

THE PROBLEM  OF TREATM ENT OF PULMONARY PRESSURE TRAUMA 

(K voprosu  o lechen ii b a ro trav m y  legkikh)

The basic  m ethod fo r  tre a tin g  pu lm onary  p re s s u re  tra u m a  is 
th e rap eu tic  re c o m p re ss io n , as p ro p o sed  by Polak  and A dam s (1932). 
However, in som e c a s e s  th is  is  im p ossib le  o r  too delayed. T h e re fo re , 
g re a t s ign ificance is  a sc r ib e d  to m ethods which can a llev ia te  the p a tie n t 's  
condition befo re  re c o m p re ss io n . We have been unable to  find any 
ex p erim en ta l work along th is  line.

In p e rfo rm in g  ex p e rim en ts  on the m echan ism  of o c c u rre n ce  of pu lm onary  
p re s s u re  tra u m a  we sim u ltan eo u sly  stud ied  the effect of ac tive  rem o v a l 
of e x cess  gas (suction) from  the in tra p le u ra l space  into which the gas had 
en te red  through ru p tu re  of the lung tis su e .

The e?:perim ents w ere  p e rfo rm ed  on c a ts  of both sex es . The m ethod 
h as  been d e sc rib e d  in the a r tic le , "The P ro b lem  of the M echanism  of 
O ccu rren ce  of P u lm o n ary  P r e s s u r e  T rau m a D uring the B rea th in g  of A ir 
and Oxygen", pub lished  in th is  co llec tion . The gas was sucked out with a 
sy ringe  through the side a rm  of a ru b b e r tube connected  into the system  
fo r reco rd in g  the in tra p le u ra l p re s s u re .

R esu lts  of the E x p erim en ts  and D iscu ssio n

When Dulmonary p re s s u re  tra u m a  o c c u rs  in a  c a t the in tra p le u ra l 
p re s s u re  becom es p o sitive , so m e tim es  reach in g  10 — 60 m m  Hg. A fter 
red u c in g  the in trap u lm o n ary  p re s s u re  which has cau sed  the tra u m a , the 
in tra p le u ra l p re s s u re  d e c re a se s  in 1 — 4 m in, but a lm o st alw ays re m a in s  
p o sitive . As a ru le , the an im al develops dyspnea which is  freq u en tly  
accom panied  by a fa ll in blood p re s s u re  and subsequen t death.

F o r the pu rpose  of im prov ing  the a n im a l's  condition and so m etim es  
fo r  rev iv ing  it  we rem oved the e x c e ss  gas by suction . The quantity  of gas 
rem oved  ranged  from  20—2,000 m l in v a rio u s  ex p e rim en ts . The suction  
was stopped if the p re s s u re  in the suction  system  reach ed  - 40— 5 0 mmHg .
In F igure 1 a kym ogram  of ex p erim en t No. 92 dated  5 O ctober 1960 is  shown, 
which g ives an idea  of the changes o c c u rr in g  in p r e s s u re  tra u m a  of the 
lungs anc of the e ffec tiv en ess  of u sin g  suction  in th is  c a se .

As an i l lu s tra tio n  an a b s tra c t from  the re c o rd  is  p re se n te d  below.
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R ecord of E x p erim en t No. 92 dated  5 O ctober 1960

2.26 p .m . — blood p re s s u re  115 mm; pu lse , 156; re sp ira tio n , 22, 
deep. The in tra p le u ra l p re s s u re  on rig h t and le ft s id e s , 2 m m  Hg.

2.27 p . m .  — in 3 sec  the in trap u lm o n ary  p re s s u re  ro se  to 120 mm,
and w as m ain ta ined  at th is  level fo r  25 sec, a f te r  which it dropped in 1 sec 
to a tm o sp h eric  p re s s u re .  When m axim um  in trap u lm o n ary  p re s s u re  was 
reach ed  the  blood p re s s u re  dropped to 40 mm; th e re  was no pu lse  o r  
re sp ira tio n ; the ch es t w as expanded. The in tra p le u ra l p r e s s u re  on the 
r ig h t p le u ra l cav ity  was +96 m m , in the left, +100 m m . T here  was no gas 
in the cannula  tra p . The a r te r ia l  blood was c le a r .

D uring the 60 sec  follow ing reduction  of in trap u lm o n ary  p re s s u re  to 
a tm o sp h eric  the blood p re s s u re  in c re a se d  tw ice; apnea was noted, and 
the blood in the cannula  t r a p s  was d ark . At the sam e tim e , suction  of gas 
from  the r ig h t and le ft p le u ra l cav itie s  was begun with a sy rin g e . Suction 
from  tile r ig h t cav ity  w as stopped sh o rtly  a fte rw a rd s  because the p re s s u re  
in the suction system  fe ll to -  40 mmHg.

Six m in u tes  a f te r  the o c c u rre n ce  of pu lm onary  p re s s u re  trau m a , when 
re sp ira tio n  and blood p re s s u re  becam e no rm al, suction  was stopped. The 
blood p re s s u re  was 130 m m , the pu lse , 132; re sp ira tio n , 18 p e r  m in. 
In tra p le u ra l p r e s s u re  in the rig h t p le u ra l cav ity  was — 10 mm; in the left, 
— 4 m m . The an im al was k illed  a fte r  10 m in.

At autopsy, pu lm onary  em physem a was found. The lungs w ere covered  
with a m a ss  of punctate  and focal h em o rrh ag es . T here w ere gas bubbles 
around the blood v e s s e ls  of the lung ro o ts . A co n sid e rab le  quantity  of gas 
was p re se n t in the m ed ias tin a l tis su e  and tis su e  of the re tro p e rito n e a l 
space . T h ere  w as no gas in the blood v e s se ls  o r  ca rd iac  ch am b ers .

Our ex p e rim en ts  showed that suction  of gas gives a definite positive 
effect in c a s e s  of se v e re  p r e s s u re  tra u m a  of the lungs. When fu r th e r  
suction  proved  im p ossib le  because of the m ark ed  reduction  of in tra p le u ra l 
p re s s u re ,  we used  what we ca lled  "pum ping" with th is  m ethod, o sc illa tio n s  
at a ra te  of 80— 100 p e r  m in a re  m ade with the p lunger of the sy ringe  and 
p re s s u re  v a ria tio n s  rang ing  f r om +30 to - 40 mm Hg a re  produced  in the 
suction  sy s tem .

By using  "pum ping" we attem pted  to renew  the p o ss ib ility  of fu r th e r  
suction . The m echan ism  of action  of "pum ping" is not yet e n tire ly  c le a r  
to us, but th is  m e a su re , in a num ber of c a se s , m ade it possib le  to 
rev iv e  the an im als.

In our ex p erim en ts  suction  was used  in an im als with pu lm onary  
p re s s u re  tra u m a  a fte r  in trap u lm o n ary  p re s s u re  was in c re a se d  from  60 to 
200 rrm  Hg. The re s u lts  obtained a re  shown in the tab le . In F igure  2 a 
kym ogram  is  shown of ex p erim en t No. 82 of 9 August 1960.

F rom  the kym ogram  it is  evident that with in c re a se  of in trap u lm o n ary  
p re s s u re  to 70— 105 Hg both gas cannula tra p s  w ere com pletely  filled  
with gas. As a r e s u lt  of in trap u lm o n ary  p re s s u re  reduction  a b rie f r is e  
in the blood p re s s u re  was noted with a subsequent fa ll to 30 mm Hg. T here  
was ro  pu lse  o r  re sp ira tio n . The c ircu la tio n  in the tra p s  stopped. The 
blood was d ark . With the o n se t of the blood p re s s u re  drop, suction  was 
begur. from  the left in te rp le u ra l space; th is  was stopped sh o rtly  a fte rw ard s  
because of the m ark ed  reduction  of p re s s u re  in the suction  sy s tem . On 
the r  ght side , suction  was also  im possib le  fo r  th is  re a so n . T h ere fo re , 
"pum ping" was used on the rig h t side , m aking p o ssib le  renew ed suction  
on the left s ide. F our m inu tes a f te r  suction  slow c ircu la tio n  began in
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the gas cannula  tra p . A fte r 8 m in suction  was stopped. The blood 
p re s s u re ,  pu lse  and re s p ira tio n  w ere  com plete ly  re s to re d .

TABLE

Results of using suction of gas from pleural cavities of an animal with pulmonary pressure trauma

Results of use of suction in

pulmonary pressure trauma pulmonary pressure trauma
Intrapulmonary pressure 

(iom m  Hg)
Number of with arterial gas embolism without gas embolism

experiments
improvement of improvement of
anim al's condi- death animal* s condi- death

tion tion

6 0 -1 0 0 21 6 1 14 _
1 0 1 -2 0 0 34 10 9 13 2

T o t a l 55 16 10 27 2

As the tab le  show s, suction  w as benefic ia l fo r  43 out of 55 an im als  
(78.2% ); the re m a in in g  12 (21.8%) died. With pu lm onary  p re s s u re  tra u m a  
accom panied  by a r te r ia l  gas em bo lism , death  w as o b se rv ed  in 10 out of 
26 an im als  (36.1%); w ithout gas em bo lism , in 2 out of 29 (6.9%).

T h e re fo re , the e ffec tiv en ess  of suction  w as co n sid e rab ly  le s s  in  an im als 
w ith p u lm onary  p re s s u re  tra u m a  accom panied by gas em bo lism .

In ex p e rim en ts  w here in trap u lm o n ary  p re s s u re  was in c re a se d  from  
60—100 m m  Hg the u se  of suction  gave a po sitiv e  r e s u l t  in 6 out of 7 an im als  
(85.7%) with p u lm onary  p re s s u re  tra u m a  and gas em bolism  in the blood 
v e s s e ls , and in a ll 14 with pu lm onary  p re s s u re  tra u m a  w ithout gas 
em b o lism . At the sam e  tim e , the e ffec t of [suction  with a] p r e s s u r e  from  
101 — 200 mm Hg p rov ided  an im provem en t in the conditions of 10 out of 
19 an im als  (52.1%) with pu lm onary  p re s s u re  tra u m a  and gas em b o lism , and 
in 13 out of 15 (86.6%) with pu lm onary  p r e s s u r e  tra u m a  without gas 
em bo lism . Death o c c u rre d  in 1 out of 21 an im asl (4.8%) with in c re a se  in 
the in trap u lm o n a ry  p re s s u re  from  60—100 m m  Hg and in 11 out of 34 (32.4%) 
when the p re s s u re  c re a te d  was from  101—200 m m  Hg, i .e ., the e ffec tiv en ess  
of suction  w as red u ced  with in c re a se  in the in trap u lm o n a ry  p re s s u re .

To check the e ffec tiv en ess  of suction  of gas from  the p le u ra l c a v itie s  
in  the m o re  se v e re  fo rm  of pu lm onary  p re s s u re  tra u m a , and to d e te rm in e  
the ro le  of a r te r ia l  gas em bolism  in the r e s u l ts  obtained, we u sed  suction  
of gas in 50 e x p e rim e n ts  with rep ea ted  in c re a s e s  of in trap u lm o n a ry  
p re s s u re  w ithout the  o c c u rre n ce  of gas em bo lism . In th e se  ex p e rim en ts  
the e ffec t of gas em boli on the outcom e of pu lm onary  p re s s u re  tra u m a  was 
e lim in a ted  to a c e r ta in  d eg ree . R epeated  in c re a se  in the in trap u lm o n ary  
p re s s u re  w as alw ays accom panied  by the additional en tran ce  of gas into 
the p le u ra l c a v itie s , t is s u e s  of the m ed iastin u m , neck, and re tro p e r ito n e a l 
space , causing  a d e te r io ra tio n  of the c o u rse  of pu lm onary  p r e s s u r e  trau m a . 
In e x p e rim e n ts  w ith a re p e a te d  in c re a se  in the in trap u lm o n a ry  p re s s u re ,  
suction  fa iled  to produce  r e s u l ts  in 2 out of 10 an im als  (20%) which had 
p re v io u s ly  su ffe red  fro m  pu lm onary  p re s s u re  tra u m a  w ith a r te r ia l  gas 
em bo lism  and in 7 out of 40 an im als  (17.5%) with pu lm onary  p re s s u re  
tra u m a  but w ithout gas em bo lism .

On the b a s is  of the data  ob tained  we believe th a t the e ffec tiv en ess  of 
suction  c o n s is ts  m ain ly  of e lim in a tin g  the e ffec t of the a sso c ia te d  pneum o­
th o rax  on the co u rse  of pu lm onary  p re s s u re  tra u m a , and tha t it  does not
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e lim in a te  the e ffec t of a r te r ia l  gas em boli on the an im al o rg an ism .
Autopsy of the an im als  a lso  showed tha t suction  does not app rec iab ly  

reduce the quantity  of gas en te rin g  the in te rs t i t ia l  sp aces  of the ch es t and 
abdom inal o rg an s when p re s s u re  tra u m a  of the lungs o c c u rs .

As a con tro l, ex p erim en ts  w ithout suction  of gas w ere p e rfo rm ed  on 23 
an im als  with pulm onary  p re s s u re  tra u m a . In 7 of the 23 ex p e rim en ts  the 
in trap a lm o n a ry  p re s s u re  ro se  from  60 to 100 m m  Hg; in 16, from  101 —
200 m:n Hg. A com parison  betw een the num ber of deaths which o c c u rre d  in 
ex p erim en ts  using  suction  of gas and in co n tro l ex p e rim en ts  show s the 
following: with in c re a se  in the p r e s s u re  from  60 to 100 mm Hg 5 out of 54 
an im als  died (9.2%) when suction  was used , and 1 out of 7 (14.3%) died 
when : t was not used; at p r e s s u r e s  from  100—200 mm Hg 16 out of 51 
an im als  (31.4%) died when suction  was used , and 13 out of 16 (81.2%) died 
when t w as not used. Thus, it is  evident tha t suction  of gas co n sid e rab ly  
red u ces  the num ber of deaths in an im als  in which the in trap u lm o n ary  
p re s s u re  ro se  above 100 mm Hg.

"Pumping" was used  in 15 ex p e rim en ts . In 6 an im als  it  gave positive  
re su lts ; the o th e r 9 died. We believe th a t m ark ed  v a ria tio n s  in the in tra ­
p le u ra l p re s s u re  in "pum ping" produce an additional m ark ed  s tim u la tion  
of re c e p to rs  of the ch est o rg an s, co n tribu ting  to re c o v e ry  of the 
c ircu la tio n  and re sp ira tio n .

In our opinion, the p ositive  r e s u l t  a tta ined  from  suction  of the gas is 
explained by the fac t tha t with the o ccu rren ce  of pu lm onary  p re s s u re  tra u m a  
the gas e n te rs  the p le u ra l c av itie s , m ed iastin a l tis su e , tis su e  of the r e t r o ­
p e rito n ea l space  and o th e r o rg an s . By suction  the gas is  re a d ily  rem oved 
from  the in te rp le u ra l sp aces  of both lungs, and probab ly  a c e r ta in  quantity 
of the gas is  rem oved from  the m ed ias tin a l tis su e .

It m ay be supposed tha t suction  c re a te s  a negative p re s s u re  in the 
in te rp le u ra l cavity; the ru p tu red  p a r t  of the lung is ap p re ssed  aga in st the 
p a r ie la l  p le u ra  and subsequently  the lung can function under conditions 
which g rea tly  co rre sp o n d  to those n o rm ally  ex is tin g  in the a n im a l's  body.

Rem oval of the e x cess  gas not only e lim in a te s  the m echan ical im ped i­
m ent to c a rd io v a sc u la r  ac tiv ity  but a lso  red u ces  the s tren g th  of s tim u la tion  
of the re c e p to rs  of the in te rn a l o rg an s, which also  has a p o sitive  effect.
In som e ex p erim en ts , a f te r  a c e r ta in  p e rio d  of tim e, a positive  in tr a ­
p le u ra l p re s s u re  r e c u r re d  in the an im als , accom panied by dyspnea. 
R epetition of suction  in th is  c ase  caused  a rap id  im provem ent in the a n im a l's  
condition.

C onclusion
A ctive rem oval of the e x cess  gas from  the in te rp le u ra l c a v itie s  of an 

anim al with pulm onary  p re s s u re  tra u m a  a s s u re s  an im provem ent in its  
condition without the use of th e rap eu tic  rec o m p re ss io n .
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P . V. Oblapenko

THE ROLE OF PRO PRIO CEPTIV E IMPULSES FROM THE CHEST AND
ABDOMINAL MUSCLES IN THE REACTIONS OF THE BODY DURING 
RESPIRATION UNDER INCREASED INTRAPULMONARY PRESSURE

(R ol1 im p u l'so v  s p ro p r io re ts e p to ro v  grudnoi k letk i i m y sh ts  zh ivo ta  
v re a k ts iy a k h  o rg an izm a  p r i  dykhanii pod povyshennym  davleniem  v legkikh)

Through the s tu d ies  of m any au th o rs  (Coom bs, P ike, 1922, 1930;
W. H ess, 1931; F le isch , 1930, 1931; B ec c a ri, 1933; S e rg iev sk ii e t al. , 
1950, 19511; and o th e rs)  it w as d e te rm in ed  tha t re f le x e s  from  the 
p ro p r io c e p to rs  of the m u sc le s  of the chest, d iaphragm  and r ib  jo in ts  
partic ipate: in the reg u la tio n  of re sp ira tio n .

It w as th e re fo re  n a tu ra l to expect tha t in r e s p ira tio n  under in c re a se d  
in trap u lm o n ary  p re s s u re ,  the ro le  of p ro p rio cep tiv e  im p u lses  in the 
re a c tio n s  of the body in c re a s e s .

The e x p e rim e n ts  of V. A. V inokurov (1944, 1949) showed th a t a f te r  cu tting  
the abdom inal m u sc le s  in dogs under o rd in a ry  conditions of re s p ira t io n  the 
blood p r e s s u r e  d ro p s 10—20 m m  Hg, while cu tting  the abdom inal m u sc le s  
in vagotom ized  and desym path ized  an im als  lead s to an even g re a te r  drop 
in  blood p r e s s u r e  (by 30—50 m m  Hg). D uring re sp ira tio n  u n d er in c re a se d  
in trap u lm o n a ry  a ir  p r e s s u re  of 200 m m  H2O, a p re lim in a ry  sec tio n  of the 
abdom inal m u sc le s  led  to slo w er s tab iliz a tio n  of the blood p re s s u re ,  and 
a f te r  add itional vagotom y and desym path iza tion  no s tab iliz a tio n  of the blood 
p re s s u re  o c c u rre d  at a ll — on the c o n tra ry , it continued to drop 
p ro g re ss iv e ly ; the r e s p ir a to ry  m ovem ents becam e slow er, ex p ira tio n  
le sse n e d , and, fina lly , b rea th in g  stopped.

V. A. V inokurov o b se rv ed  r e s p ir a to ry  changes a f te r  in c re a se d  a ir  
p r e s s u re  in the lungs when the p ro p rio cep tiv e  r e s p ir a to ry  im p u lse s  had 
been p a r tia lly  excluded (only the abdom inal m u sc le s  w ere  cut). T h e re fo re , 
it m ay be supposed  th a t com plete  exclusion  of the p ro p rio cep tiv e  re flex o - 
genic zones would lead  to g re a te r  r e s p ir a to ry  d is o rd e rs , an assum ption  
which is  co n firm ed  by data  in the l i te ra tu re .

M. V. S e rg iev sk ii (1958), on the b a s is  of c lin ica l o b se rv a tio n s  of 
B. Ya. P eskov , po in ts  out tha t with le s io n s  of the c e rv ic a l and th o ra c ic  
p o rtio n s  of the sp inal co rd  (in sy rin g o m y elia  and sy ringobu lb ia), d iap h rag ­
m atic  re s p ira tio n  and asynchrony  of sy n e rg is tic  r e s p ir a to ry  m u sc le s  — 
e x te rn a l in te rc o s ta l  m u sc le s  and d iaphragm  — so m e tim es  le s se n  m ark ed ly , 
even to the point of com plete  d isso c ia tio n . U nder ex p e rim en ta l conditions 
a u n ila te ra l  sec tio n  of the p o s te r io r  ro o ts  of the c e rv ic a l and th o ra c ic  p a r ts  
of the sp ina l co rd  of an im als  led  to asynchrony  of the r e s p ir a to ry  m ovem ents 
of both s id e s  of the chest.
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C ur o b se rv a tio n s  of dogs with a low vagotom y showed tha t although the 
tone of th e ir  r e s p ira to ry  m u sc le s  d e c re a se d  during  b rea th ing  under in ­
c re a se d  in trap u lm o n ary  p re s s u re  (which w as ind icated  by an in c re a se  in 
the size of the ch es t and abdom en), in the g re a t m a jo rity  of c a se s  the 
s tren g th  of m u sc u la r  co n trac tio n  was su ffic ien t fo r  exp ira tio n .

T h is  fact indicated  th a t the re f le x e s  which in c re a se  the tone of the r e s p i r a ­
to ry  m u sc le s  and lead to  th e ir  co n trac tio n  s ta r t  not only from  the pulm onary  
re c e p to rs  (Popov, 1949; K uznetsov, 1957; and o th e rs )  but a lso  from  o th e r 
in te ro cep tiv e  zones. Evidently , such re flex  in fluences ( tr ig g e r, ton icizing  
and c o rre c tiv e )  a lso  com e from  m u sc le s  and lig am en ts  of the ch es t and 
abdom en. The ex p e rim en ts  of V. A. V inokurov and o th e rs  have not provided 
a d ire c t answ er to th is . Incidentally , V. A. Vinokurov, using  sec tion  of the 
abdom inal m u sc les , not only cu t off the p ro p rio cep tiv e  im p u lses  but also  
in ju red  the m u sc le s  th em se lv es .

All the above data  and our own o b se rv a tio n s  ind icated  the need fo r  a 
spec ia l investiga tion  aim ed at de te rm in in g  the ro le  of in c re a se d  p ro p r io ­
ceptive im pu lses from  the ch es t and abdom inal m u sc le s  in the regu la tion  
of re sp ira tio n  and c ircu la tio n  with in c re a se d  in trap u lm o n ary  p re s s u re .

\

Method

The study co n sis ted  of s h o r t - te r m  ex p e rim en ts  on five dogs in which 
the flow of p ro p rio cep tiv e  im p u lses  to the c e n tra l nervous system  was 
f i r s t  su rg ic a lly  cut off. The m ethod of high sec tion  (at the level of the 
second c e rv ic a l v e r te b ra )  of the p o s te r io r  colum ns of the sp inal co rd  
(Goll and Burdach) was used; as is  well known, th e se  a re  the conducto rs 
of deep sen sa tio n  (p rop riocep tive , v ib ra tiona l and cutaneous two- d im en­
sional). This m ethod was used lo r  studying the a ffe ren t sy s te m s  in the 
la b o ra to ry  of L. A. O rbeli as well as by L. S. G am baryan (1953) fo r  the 
study of conditioned re fle x e s  f r om the p ro p rio c e p te r  m u sc les  and by 
V. P . Z ag ry ad sk ii (1955) fo r d e te rm in ing  the ro le  of p ro p rio cep tiv e  im p u lses  
in the co u rse  of hypoxem ic convulsions.

The s h o r t - te r m  ex p erim en ts  w ere p e rfo rm ed  on dogs 3 —4 w eeks (and 
in once case , a y ea r) a f te r  such an opera tion .

The in itia l su rg ica l p re p a ra tio n  (to the tim e  of cu tting  into the fem o ra l 
vein fo r  the in jec tion  of a hexenal solution) was c a r r ie d  out under b rie f 
su p e rfic ia l e th e r  an es th es ia . The e n tire  subsequent p re p a ra tio n  fo r the 
ex p erim en t and the ex p erim en t itse lf  w ere conducted using  hexenal 
an es th es ia  (ca lcu la ting  40—60 mg / k g  of body weight). D uring the e x p e r i­
m en t a re c o rd  was m ade of th o rac ic  and abdom inal re sp ira tio n , blood 
p re s s u re  in the fem o ra l a r te ry , p re s s u re  of the gas m edium  in the 
re s p ira to ry  tra c t; in two ex p erim en ts , blood p re s s u re  in the rig h t 
v e n tr ic le  was also  de te rm ined .

In c rea se  in in trap u lm o n ary  p re s s u re  was c re a te d  by m eans of K PT o r 
K P- 24 oxygen ap p a ra tu se s . The p re s s u re  am ounted to 300—550 mm H2O.

At the end of the ex p e rim en ts  the sp inal co rd s  of the dogs o p era ted  on 
w ere checked anatom ically  and h isto log ica lly .
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R esu lts  of the E x p erim en ts

The r e s u l ts  of the ex p e rim en ts  p e rfo rm ed  on five dogs w ere  un ityp ica l. 
A fte r in c re a se d  in trap u lm o n ary  p re s s u re  in dogs with se v e re d  p o s te r io r  
co lum ns of the sp inal co rd , a ll the b asic  changes in r e s p ir a to ry  and 
c irc u la to ry  functions c h a ra c te r is t ic  of the  in itia l p e rio d  of re s p ira t io n  
un d er in c re a se d  in trap u lm o n a ry  p re s s u re  w ere  noted (apnea, and then  slow 
re sp ira tio n , m ark ed  d e c re a se  in the blood p re s s u re ,  e tc .) . H ow ever, 
unique fe a tu re s  w ere  a lso  noted.

As a r e s u l t  of the co n sid e rab le  lo ss  of tone of the r e s p ir a to ry  m u sc le s  
of the c h e s t and p a r t ic u la r ly  of the abdom en at the tim e  of in c re a se  of 
in trap u lm o n ary  p re s s u re ,  a g re a te r  expansion of the ch e s t and a m ark ed  
en la rg em en t of the abdom en o c c u rre d  (F ig u re  1).

ta b le  l

Change in the respiratory rates of dogs with severed posterior columns of the spinal cord during 
respiration under increased intrapulmonary pressure

No. of 
experi­

ment

----- ■”

Pressure
(in :nm 
H jO )

Basic
data

Respiratory rate (1  min)

after increase in pressure after reduction of pressure
Note

im m e­
diately

after 
1 min

after
3 min

im m e­
diately

after 
1 min

after 
3 min

1 550 8 apnea 13 — 6 12 — breathing ait
14 sec

2 550 8 apnea 15 - apnea 14 11 same
25 sec 13 sec

3 400 12 4 6 6 a 13 12 breathing
oxygen

4 300 10 apnea apnea apnea 8 10 10 same

S 300 11 apnea ■■ 10 12 12 ■■

The r e s u l ts  of one of the ex p erim en ts  a re  shown on F ig u re  1. A fter 
p ro longed  r e s p ir a to ry  a r r e s t  in in sp ira tio n  follow ing the in c re a se  in in tr a ­
pu lm onary  p re s s u re  to 300 mm H2O, ex p ira tio n  o c c u rre d  only a f te r  1.5 min; 
it was effec ted  e sse n tia lly  by the c h e s t m u sc le s , w hereas in n o rm a l an im als  
the m u sc le s  of the abdom inal p r e s s  take a g re a te r  p a r t  in re s p ira tio n . At 
the tim e  of e x p ira tio n  a v igorous co n trac tio n  of the ch es t m u sc le s  was 
observed ; th e reb y  the s ize  of the ch es t d ec re a sed , and the volum e of the 
abdom en in c re a se d . During in sp ira tio n , when the c h e s t w as expanded, the 
volum e of the abdom en d e c re a sed  m arked ly .

In the ca se  of g re a te r  in trap u lm o n ary  p r e s s u r e s  (F ig u re  2) asynchrony  
in the ac tiv ity  of the e x p ira to ry  m u sc le s  of the c h e s t and abdom en (and 
p o ss ib ly  a lso  the d iaphragm ) was even m ore  obvious. With a p r e s s u re  
equal to 5150 mm H2O the cu rv es  of m ovem ent of the ch e s t and abdom inal 
w all becam e m ir r o r  im ages of each o th e r. It snould be noted tha t in som e 
ex p erim en ta l dogs, even during  re s p ira tio n  under o rd in a ry  conditions, a
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FIGURE 1. Characteristics of the ch ange in respiratory m o v em en t  of  the chest and 
abdominal walls in a- dog with severed posterior columns of  the spinal cord during 
breathing under an excess  pressure of 300 mm Hg. Experiment of  24 March 1958

From top down: thoracic respiration; abdominal respiration; blood pressure; base
li ne  of  the blood pressure; t im e marking, two-second intervals; pressure in the 
respiratory tract ( in  mm H20 ) ;  base line of the pressure in the respiratory tract 
(represented by the bottom margin of this f igure ).

FIGURE 2. Characteristics of  the ch ange in respiratory m ovem ents  of the chest and 
abdominal wall in a dog witli severed posterior columns of the spinal cord during 
respiration under an excess  pressure of 500 — 550 mm H20 .  Experiment of  13 March 1958

The keys for the curves are the same as for Figure 1.
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d istu rb an ce  of the synchronous ac tiv ity  of the e x te rn a l in te rc o s ta l  and 
abdom inal m u sc le s  w as o b se rv ed . In dogs with in tac t p ro p rio cep tiv e  
co n d u c to rs  no such lo ss  of coo rd ination  e v e r  o c c u rre d  in the a c tiv ity  of 
the ch e s t and abdom inal m u sc le s .

R eduction of in trap u lm o n a ry  p re s s u re  in an im als with se v e re d  p o s te r io r  
co lum ns of the sp inal co rd  freq u en tly  caused  a slow ing of re s p ira t io n  o r  
r e s p ir a to ry  a r r e s t ,  w h e reas  in dogs with in tac t p o s te r io r  co lum ns of the 
sp in a l co rd  an ap p rec iab le  in c re a se  in r e s p ir a to ry  ra te  u su a lly  o c c u rre d  
(Table 1).

In dogs w ith sev e re d  co lum ns of the sp inal co rd  and with additional 
b i la te ra l  vagotom y an in c re a se  in the in trap u lm o n ary  p re s s u r e  did not lead  
to apnea, co n v e rse ly , th e ir  re s p ira t io n  becam e m o re  freq u en t them in the 
in itia l s ta te  (Table 2). However, even a f te r  only 15—20 sec  it not uncom ­
m only  began to  slow up; the depth of the r e s p ir a to ry  m ovem ents d e c re a sed  
and, fineilly, re s p ira t io n  ap p aren tly  stopped with a w eakening of ex p ira tio n . 
A fte r the fa ll of in trap u lm o n a ry  p re s s u re  re s p ira t io n  w as ab sen t fo r  a long 
tim e , and re c o v e ry  of it  began gradually , a f te r  about 30—50 sec (F ig u re  3).

TABLE 2

Change in the respiratory rates of dogs with severed posterior columns of the spinal cord and with 
bilateral vagotomy during respiration under increased intrapulmonary pressure

Respiratory rate (1 min)

N o.of Pressure 
(in mm 
HjO)

Basic
after increase in pressure after reduction of pressure

Noteexperi­
ment

data im m e­
diately

after 
1 min

after 
3 min

im m e­
diately

after 
1 min

after 
3 min

1 550 8 16 2 — apnea 12 9 breathing
30 sec air

2 550 8 12 1 - apnea
25 sec

8 8 same

3 400 6 10 apnea - apnea 6 8 breathing
oxygen

4 300 5 3 apnea 
1 min
20sec

o 4 same

5 300 4 3 — apnea 
45 sec

4 4 "

If apnea did not o ccu r during  the p e rio d  of r e s p ira tio n  under p re s s u re ,  
i t  o c c u rre d , of n e c e ss ity , a f te r  the  reduction  of in trap u lm o n a ry  p re s s u re .  
As is  w ell known from  the p a p e rs  of m any au th o rs , in the vagotom ized dogs 
(with p o s te r io r  co lum ns of the sp inal co rd  in tac t) in trap u lm o n a ry  p re s s u re  
red u c tio n  r a r e ly  ca u se s  apnea; usually , only a v e ry  s lig h t re ta rd a tio n  of 
re s p ira t io n  o c c u rs .

T h e re fo re , in o u r e x p e rim e n ts  asynchrony  o c c u rre d  in the ac tiv ity  of 
the r e s p i r a to ry  m u sc le s , s im ila r  to what is  not uncom m only found in the
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c lin ica l p ic tu re  of nervous d ise a se s  during  sy rin g o m y elia  and syringobulb ia , 
and th e re  w as also  a dim inution of re sp ira tio n  (a fa c to r  f i r s t  o b serv ed  by 
V. A, V inokurov (1944)).

FIGURE 3. Change in the respiration and circulation in a dog with severed posterior 
columns of the spinal cord and with an additional vagotomy, during respiration under 
an excess pressure of 550 mm HjO. Experiment of 13 March 1956

The key for the curves is the same as for Figure 1.

In dogs with sev e red  p ro p rio c e p to rs  a d istingu ish ing  fea tu re  of the 
c irc u la to ry  changes during  re sp ira tio n  under in c re a se d  in trapu lm onary  
p re s s u re  is  the som ew hat slow er s tab iliza tio n  of the blood p re s s u re .
A fter additional vagotom y (both high and low) the c irc u la to ry  changes w ere 
g re a te r , and the blood p re s s u re  usually  fe ll by 40—60 mm Hg. D uring the 
p e rio d  of b rea th ing  under in c re a se d  in trap u lm o n ary  p re s s u re ,  s tab iliza tio n  
of the in itia l hem odynam ic changes o c c u rre d  very  slowly. A fter changing 
over to b rea th ing  under no rm al conditions the usual co n sid e rab le  blood 
p re s s u re  r is e  was not observ ed , and in c re a se  to the in itia l level o c c u rre d  
g racua lly .

I h i s  fact, as  ind icated  above, was also  noted by V. A. V inokurov in 
vagctom ized  and desym path ized  dogs in which the abdom inal m uscle  had 
beer cut.

C uring the p e rio d  of b rea th in g  under in trap u lm o n ary  p re s s u re  the blood 
p re s s u re  in the rig h t v en tr ic le  in c re a se d  le s s  than in an im als  with in tac t 
p o s te r io r  colum ns of the sp inal cord .
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D iscussion  of R esu lts

The r e s u l ts  of the in v estiga tion  showed th a t in an im als  w ith se v e re d  
p ro p rio c e p tiv e  t r a c t s  th e re  w as a m ark ed  red u c tio n  in the tone of the 
m u sc u la tu re  of the abdom inal w all and a coo rd ina tion  d is o rd e r  in the 
ac tiv ity  of the e x te rn a l in te rc o s ta l  m u sc le s  and m u sc le s  of the abdom inal 
p r e s s .  T hese d is o rd e rs  a re  d is tin c tly  d em o n stra ted  u n d er o rd in a ry  
r e s p ir a to ry  cond itions and u n d er in c re a se d  in trap u lm o n a ry  p re s s u re ,  but 
they  a re  p a r t ic u la r ly  obvious a f te r  low and high vagotom y.

O ur e x p e rim e n ts  show v e ry  c le a r ly  th a t du ring  b rea th in g  un d er in c re a se d  
p r e s s u r e  re fle x  ten sio n  in r e s p ir a to ry  m u sc le s  (p a r tic u la r ly  abdom inal) is 
p roduced  not only by in te ro cep tiv e  im p u lse s  com ing fro m  the lungs (H ess, 
1931; Popov, 1949; K uznetsov, 1957; and o th e rs )  but a lso  by p ro p r io ­
cep tive  im p u lses  from  the m u sc le s  and lig am en ts  of the ch es t, abdom en and 
d iaph ragm . T hereby  a v e ry  im p o rtan t ro le  is  p layed  by tonic p ro p rio cep tiv e  
re f le x e s  du ring  re s p ira t io n  un d er in c re a se d  in trap u lm o n a ry  p re s s u re .

The asynchrony  of r e s p ir a to ry  m u sc le  ac tiv ity  o b serv ed  can ap p aren tly  
be exp lained  in the follow ing way. At the end of in sp ira tio n  the in te ro ­
cep tive  im p u lses  com ing from  d is ten tio n  of lung tis s u e  cau se  a v ig o rous 
re f le x  c o n trac tio n  of the c h e s t m u sc le s  fo r  e x p ira tio n . At the beginning 
of ex p ira tio n  the in tra th o ra c ic  p r e s s u re  r is e s ;  the d iaphragm  d ro p s, 
d isp lac in g  the abdom inal o rg an s  downward. B ecause  the tone of abdom inal 
m u sc le  is  red u ced  they  cannot p re v e n t the p to s is  of the d iaphragm  and 
abdom inal o rg an s , as a r e s u l t  of w hich the volum e of the abdom en 
in c re a s e s  co n sid e rab ly .

With the beginning of in sp ira tio n  the ch e s t expands, and the in tra th o ra c ic  
p r e s s u re  rap id ly  fa lls ; the p r e s s u re  in the abdom inal cav ity  a t th is  tim e  
ev iden tly  exceeds the in tra th o ra c ic  p re s s u re ,  the d iaphragm  is  th e re fo re  
d isp laced  upw ard, and the s ize  of the abdom en d e c re a s e s . With the begin­
ning of a new e x p ira tio n  th is  e n tire  p ro c e s s  is  rep e a te d  in the sam e o rd e r .

In dogs which have a lso  been vagotom ized, exclusion  of the in te ro cep tiv e  
im p u lse s  n a tu ra lly  le ad s  to  an even g re a te r  hypotonia of the r e s p ir a to ry  
m u sc le s  and to  a g re a te r  lo s s  of coo rd ina tion  in th e ir  ac tiv ity .

On the b a s is  of the  ex p e rim en ts  p re se n te d  i t  m ay be assu m ed  th a t in 
an im als  in  which the p ro p rio cep tiv e  conduc to rs have been cut, the  ac tiv ity  
of the r e s p i r a to ry  m u sc le s  of the c h e s t and abdom inal p r e s s  is  effected  
e sse n tia lly  th rough  re f le x e s  from  the pu lm onary  re c e p to rs . H ow ever, the 
a c tiv itie s  of the v a rio u s  g roups of r e s p ir a to ry  m u sc le s  a re  not adequately  
co o rd in a ted  with one an o th e r in the v a rio u s  p h a se s  of the r e s p i r a to ry  cycle , 
p a r t ic u la r ly  u n d er in c re a se d  in trap u lm o n a ry  p re s s u re .  Tonic re f le x e s  
from  the pu lm o n ary  in te ro c e p to rs  u n d er th e se  r e s p ir a to ry  cond itions do 
no t a s s u re  the n e c e s s a ry  m u sc le  tone of the abdom inal p r e s s  and ev idently  
a re  of le s s  im p o rtan ce  fo r  th e se  m u sc le s  than fo r  those  of the ch es t. The 
high d eg ree  of abdom inal m u sc le  tone re q u ire d  and fine coo rd ina tion  of 
th e ir  ac tiv ity  with th a t of the  r e s t  of the r e s p ir a to ry  m u scu la tu re  m ay  be 
a s s u re d  by re f le x e s  fro m  both the in te rc e p to rs  of the lungs and p ro p r io ­
c e p to rs  of th e se  m u sc le s .

Of defin ite  th e o re tic a l in te r e s t  is  why, in dogs with su p p lem en tary  
vago tom ies, r e s p i r a to ry  a r r e s t  o c c u rs  under in c re a se d  in trap u lm o n ary  
p re s s u re ,  and a lso  why apnea o c c u rs  a f te r  reduc tion  of the p r e s s u re  — 
a phenom enon v e ry  r a r e ly  encoun tered  when vagus n e rv e s  a re  in tac t.

U sing the da ta  of V. A. V inokurov and M. V. S e rg iev sk ii (1950) a s  a b a s is .
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th ese  fac ts  m ay be explained in the follow ing way. The p ro p rio cep tiv e  
im pul ses from  the ch est and abdom inal m u sc le s  con tribu te  to the 
fo rm atio n  of cen trifu g a l im p u lses  lead ing  to a quickening and deepening of 
re sp ira tio n  in the r e s p ira to ry  c e n te r . In vagotom ized an im als  with se v e re d  
p o s te r io r  colum ns of the sp inal co rd , it  is  e s se n tia lly  the p ro p rio cep tiv e  
and in te ro cep tiv e  im p u lses  which a re  excluded; th e re fo re , only som e of the 
im p u lses  from  lungs continue to com e to the c e n tra l  n ervous system  o v er 
the se n so ry  f ib e rs  in the th o ra c ic  p o rtion  of the sym pathetic  n e rv es .

With in c re a se  in in trap u lm o n ary  p re s s u re  the g re a te r  flow of im p u lses  
p a ss in g  o v e r the a ffe ren t f ib e rs  of the th o rac ic  sym pathetic  nerve  from  
the pu lm onary  in te ro c e p to rs  to the r e s p ira to ry  c e n te r  ev idently  ca u se s  an 
in c re a se  in the ex c itab ility  th re sh o ld  of the c e lls  in the r e s p ira to ry  c e n te r  
connected  with th ese  f ib e rs .

A fter reduction  of the oxygen p re s s u re  the flow of im p u lses  from  the 
lungs d e c re a se s . The c e lls  of the r e s p ira to ry  c e n te r  d u ring  th is  p e rio d  
continue to function fo r  a c e r ta in  tim e  at th e ir  p rev io u s  reduced  level of 
ex c itab ility . T h e re fo re , o rd in a ry  im p u lses  from  the pu lm onary  m echano- 
c e p to rs  a re  inadequate fo r  re s to r in g  the r e s p ira to ry  c e n te r  to an active 
s ta te , as the r e s u lt  of which apnea continues. R esp ira tio n  does not re c u r  
un til exc itab ility  of the c e lls  in the r e s p ira to ry  c e n te r  is  ra is e d  to the level 
a t which im p u lses  of o rd in a ry  s tren g th  can b rin g  them  to an ac tive  s ta te .

As fo r  blood p re s s u re  changes, they  a re  e s se n tia lly  induced by reduction  
of abdom inal m u sc le  tone, which lead s to a d e te rio ra tio n  of the conditions 
n e c e s s a ry  fo r the inflow of venous blood into the r ig h t h e a rt. H ow ever, in 
an im als  in which only the p o s te r io r  colum ns of the sp inal co rd  have been 
cut, ju s t as in an im als  which have been vagotom ized only, the c irc u la to ry  
d is o rd e rs  a re  not dem o n strab le  to such a deg ree  as in an im als  in which 
both o p era tio n s  have been p e rfo rm ed . In the la t te r ,  with the m ark ed  
reduction  in abdom inal m u sc le  tone, the in traab d o m in a l p r e s s u re  is  ev idently  
reduced  to  such a deg ree  when it does not a s s u re  adequate  re tu rn  of the 
venous blood to  the h e a r t  even under n o rm al r e s p ir a to ry  conditions; th e re ­
by the blood p re s s u re  d e c re a se s  m arked ly  (by 40—60 mm Hg).

Wi'Ji re sp ira tio n  under in c re a se d  in trap u lm o n ary  p re s s u re ,  when 
in c rea sed  tonic co n trac tio n  of the abdom inal m uscle  is  re q u ire d  fo r  o v e r­
com ing the in tra th o ra c ic  p r e s s u re  o b stru c tin g  the blood m ovem ent from  
the in fe r io r  vena cava  to the r ig h t h ea rt, the  m ark ed  reduction  of abdom inal 
m uscle  tone does not e n tire ly  a s s u re  the ind icated  function. In th is  
connection, the blood p re s s u re  in the rig h t v e n tr ic le  in c re a s e s  le s s  than 
in an im als  which have only been vagotom ized o r  in which the p o s te r io r  
colum ns of the spinal co rd  have been cut. However, a r te r ia l  p re s s u re ,  
as a ru le , is  not com pensa to ry  and re m a in s  v e ry  low o r  even con tinues to 
d e c re a se . A lso of g re a t sign ificance  is  the absence of the sucking action 
of the tho rax  during  in sp ira tio n .

Ch anges in blood c irc u la tio n  a re  app ro x im ate ly  the sam e. In dogs with 
sev e red  p o s te r io r  colum ns of the sp inal co rd  and high vagotom y (when the 
norm sil c a rd ia c  innervation  is  im paired ), and with low vagotom y (when the 
cardis.c innervation  is  not im p aired ), the changes in the blood c ircu la tio n  
a re  approx im ate ly  the sam e. T h is ind ica tes  that such pronounced c irc u la ­
to ry  d is tu rb an ces  under these  conditions re su lt  b a s ica lly  from  the m arked  
d e c re a se  of blood inflow to the  h e a r t due to the sh a rp  reduction  of the 
abdom inal m uscle  tone.
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C onclusions

1. D uring re s p ira t io n  under in c re a se d  in trap u lm o n ary  p re s s u re  the 
exclusion  of the  p ro p rio cep tiv e  im pulses? by the com plete  sev e rin g  of the 
p o s te r io r  co lum ns of the sp inal co rd  of dogs c au ses  redu c tio n  of tone 
and co n trac tio n  of r e s p ir a to ry  m u sc le s , and lead s to lo ss  of coo rd ination  
of the th o ra c ic  and abdom inal m u sc le s . The reduced  tone of r e s p ira to ry  
m u sc le s  and th e ir  a synch ronous ac tiv ity  a f te r  su p p lem en ta ry  vagotom y is  
m ark ed ly  ex p re sse d .

2. The sh a rp  reduc tion  of abdom inal m u sc le  tone o bserved  in an im als  
a f te r  the p o s te r io r  co lum ns of the sp ina l co rd  have been cut and su pp lem en­
ta ry  vagotom y p e rfo rm ed  c a u se s , even undgr n o rm a l cond itions, a co n ­
s id e ra b le  d e c re a se  in the  blood p re s s u re  level (by 40 — 60 m m  Hg). D uring 
re s p ira t io n  u n d er in c re a se d  in trap u lm o n ary  p re s s u re  re c o v e ry  from  the 
in itia l hem odynam ic d is o rd e rs  is  v e ry  slow o r does not o c c u r and the 
p re s s u re  in th e  rig h t v e n tr ic le  in c re a s e s  sign ifican tly .

3. In dogs in w hich the  p ro p rio cep tiv e  im p u lses  have been cut, during  
re s p ira t io n  under in c re a se d  in trap u lm o n ary  p re s s u re , a su p p lem en ta ry  
high o r  low vagotom y c a u se s  ap p ro x im ate ly  the sam e  c irc u la to ry  d is o rd e rs . 
T h is in d ica te s  th a t the b a s ic  fa c to r  lead ing  to s e r io u s  c irc u la to ry  
d is o rd e rs  u n d er th e se  conditions is the sign ifican t d e c re a s e  of blood flow
to  the rig h t h e a r t due to  the sh a rp  redu c tio n  of abdom inal m u sc le  tone, and 
the exclusion  of the  sucking effect of the th o rax  during  in sp ira tio n .
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P . V. Oblapenko
nU: X 7157

THE CONDITION OF VASCULAR R EFLEX ES IN DOGS DURING 
RESPIRATION UNDER INCREASED INTRAPULMONARY PRESSURE

(Sostoyanie sosud istykh  re fle k so v  u sobak p r i  dykhanii pod povyshennym
davleniem  v legkikh)

In s tu d ie s  by P . M. G ram en itsk ii and c o -a u th o rs , V .P.Popov, A .G .Subbota 
and o th e rs , i t  h as  been shown th a t b rea th in g  un d er in c re a se d  in trap u lm o n ary  
p re s s u re  is  accom pan ied  by co n sid e rab le  hem odynam ic d is o rd e r s , a s  the 
r e s u l t  of w hich the blood p re s s u re  fa lls  in som e p a r ts  of the blood s tre a m  
and r i s e s  in o th e rs . It i s  p e rfe c tly  obvious th a t in the re a c tio n s  d ire c te d  
a t m ain ta in in g  the blood p re s s u re  a t a constan t level, re f le x e s  from  the 
v a rio u s  v a sc u la r  re c e p to r  a re a s ,  ch iefly  the c a ro tid  and a o rtic  a re a s , 
p lay  a re la tiv e ly  un im p o rtan t p a r t .

The d e te rm in a tio n  of the condition  of the vasomotor* re f le x e s  and th e ir  
p a r t  in the re a c tio n s  du ring  re s p ira tio n  un d er in c re a se d  p r e s s u r e  is  of 
defin ite  th e o re tic a l and p ra c tic a l s ign ificance  fo r  a m o re  c o r r e c t  evaluation  
of the body functions u n d er th e se  conditions. N e v e rth e le ss , th e re  a re  only 
o ccas io n a l p a p e rs  in the l i te r a tu r e  which give da ta  on the condition  of the 
v a sc u la r  re f le x e s  and the sign ificance  of the v a sc u la r  reflexogen ic  a re a s  
in  the re c o v e ry  of the im p a ired  c irc u la to ry  functions during  re s p ira t io n  
u n d er in c re a se d  p re s s u re .

V. I. Popov (1949) in ex p e rim en ts  on two ra b b its , and A. G. Subbota (1956) 
in e x p e rim e n ts  on c a ts , d e te rm in ed  th a t cu tting  the n e rv e s  of the ca ro tid  
s in u s and a o rtic  reflexogen ic  a re a s , p a r t ic u la r ly  a f te r  add itional b ila te ra l  
vagotom y, h a s  a  negative e ffec t on the re s to ra tio n  of the blood p re s s u re  
lev e l. H ow ever, the au th o rs  did not study the condition of the v a sc u la r  
re f le x e s  th e m se lv e s .

Only Kim Don Sok (1958) in ex p e rim en ts  on c a ts  d e te rm in ed  the fac t 
th a t the p r e s s o r  re f le x e s  (re flex es  to c o m p re ss io n  of c a ro tid  a r te r ie s ,  
painful and am m oniacal s tim u la tio n  of the tr ig e m in a l n erve) a re  a lte re d  
during  in c re a se d  in trap u lm o n ary  p re s s u re ;  u su a lly  they d isa p p e a r and a re  
even in v e rted . The endocrine  g lands e x e r t  an e ffec t on the n a tu re  of change 
in th e se  re f le x e s . On the b a s is  of th e se  in v estig a tio n s the au tho r concluded 
th a t d u ring  re s p ira t io n  under in c re a se d  in trap u lm o n a ry  p r e s s u r e  the p r e s s o r  
com ponent of v a sc u la r  re f le x e s  does not o ccu r in the co m p en sa to ry  re a c tio n s  
of the body d ire c te d  at s tab iliz a tio n  of the blood p re s s u re .

Thus, in the l i te r a tu r e  th e re  is  c o n tro v e rs ia l  da ta  on the p a r tic ip a tio n  
of the v a sc u la r  p r e s s o r  re f le x e s  in the b ody 's  co m p en sa to ry  re a c tio n s  
d u rin g  re s p ira t io n  u n d er in c re a se d  in trap u lm o n ary  p re s s u re ,  and th e re  is  
abso lu te ly  no da ta  on the condition of the d e p re s s o r  re f le x e s .
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The aim  of ou r investiga tion  was to study the n a tu re  of the changes in 
the CEirotid sinus p r e s s o r  and d e p re s s o r  re fle x e s , and to c la r ify  th e ir  
s ign ificance  in the body 's adaptive re a c tio n s  under th ese  r e s p ira to ry  
conditions.

Method

The study w as m ade in sh o rt-  te rm  ex p e rim en ts  on dogs under su p e r­
f ic ia l hexenal a n es th es ia  (25 — 40 mg / k g  body weight fo r  the en tire  
ex perim en t). Through a m ask  o r  trach eo to m y  cannula the an im als 
b rea th ed  under in c re a se d  p re s s u re s  of oxygen (or a ir)  which was c re a te d  
by m oans of oxygen a p p a ra tu se s  (KP- 24 and K P- T); the p re s s u re  in 
the r e s p ira to ry  t r a c t  did not exceed 400 m m  H2O. The condition  of the 
v a sc u la r  re fle x e s  was judged by the p r e s s o r  and d e p re s s o r  effec ts  a f te r  
co m p ress io n  of both c a ro tid  a r te r ie s ,  as  well as a fte r  s tim u la tio n  of the 
s inus nerve  with an induced c u rre n t. The d istance  betw een the p r im a ry  
and secondary  windings of the induction co il in v a rio u s  ex p e rim en ts  ranged 
from  12 to 25 cm; in each  individual ex p erim en t the d istance  betw een the 
w indings w as constan t.

The v ascu la r  re f le x e s  in dogs w ere  stud ied  each tim e befo re  the 
beginning of re sp ira tio n  under in c re a se d  in trap u lm o n ary  p re s s u re ,  and then 
in the in te rv a ls  betw een the f i r s t  and second, second and th ird , and th ird  
and fifth  m inu tes a fte r  in c re a s in g  the p re s s u re  and in changing o v er to 
n o rm al p re s s u re  conditions. If re sp ira tio n  under in trap u lm o n ary  p re s s u re  
la s ted  over 5 m in the re f le x e s  w ere investiga ted  in the 7th and 10th m inu tes.

R esu lts  of the E x p erim en ts  and D iscussion

The r e s u l ts  of the ex p e rim en ts  a re  shown in T ab les 1 and 2.
As is  evident from  Table 1, in the in itia l s ta te  a fte r  co m p ress io n  of both 

ca ro tid  a r te r ie s ,  the blood p re s s u re  in a ll ex p e rim en ts  in c re a se d  ap p re ­
ciab ly  (by an average  of 50 mm Hg with individual v a ria tio n s  in the p r e s s o r  
reac tio n  from  18 to 90 m m  Hg).

D uring re sp ira tio n  under in c re a se d  p re s s u re  the p r e s s o r  effect a f te r  
co m p ressio n  of the a r te r ie s  d e c re a sed  app rec iab ly  and was d ire c tly  re la te d  
to the blood p re s s u re  level at the tim e  of the investigation ; the h ig h er the 
blood p re s s u re  level the m o re  pronounced the p r e s s o r  reac tio n  (F ig u re s  1 
and 2).

In view of the fac t tha t the low est blood p re s s u re  level w as o b serv ed  in 
the f i r s t  m inute a f te r  in c re a s in g  the in trap u lm o n ary  p re s s u re ,  it  is  obvious 
tha t the p r e s s o r  re a c tio n  at th is  tim e was m in im al. E ventually , with 
in c re a se  in the blood p re s s u re ,  th e re  w as an in c re a se  in the p re s s o r  
reac tio n .

Thus, fo r  exam ple, in ex p e rim en ts  Nos. 3a and 5, co m p ress io n  of the 
ca ro tid  a r te r ie s  in the 2nd m inute of b rea th in g  under p re s s u re  caused  a 
r is e  in the blood p re s s u re  — in ex p erim en t 3a, by 22 mm Hg; in ex p erim en t 
5, by 6 mm Hg. In the 4th m inute of co m p ressio n , when the blood p re s s u re  
leve l ro se , the p r e s s o r  effect a lso  in c re a se d  in ex p erim en t 3a, from
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F I G U R E  1 . C o n d i t i o n  o f  t h e  p r e s s o r  c a r o t i d  r e f l e x  i n  a  d o g  w i t h  h i g h  b l o o d  p r e s s u r e  l e v e l  d u r i n g  r e s p i r a t i o n  

o f  o x y g e n  u n d e r  i n c r e a s e d  i n t r a p u l m o n a r y  p r e s s u r e .  E x p e r i m e n t  o f  2 2  F e b r u a r y  1 9 5 8 .

From top down: thoracic respiration; abdominal respiration; bicod pressure; blood pressure in the right ventricle; 
base line of the blood pressure and time marking of compression of carotid arteries; base line of blood pressure 
in right ventricle, tim e marking —two-second intervals; pressure in the respiratory tract (in mm HjO); base 
line of the pressure in the respiratory trad.

FIGURE 2. Condition of the pressor carotid reflex in a dog with a low blood pressure leve l during respiration 
of air under increased intrapulmonary pressure. Experiment of 20 February 1958

The key is the same as for Figure 1.
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TABLE 1

Measurements of blood pressure and heart rate in dogs after compression of the carotid arteries 
during respiration under increased intrapulmonary pressure

Control data
During respiration under 

increased pressure
After reduction of 

intrapulmonary pressure
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1 300 Blood pressure 
( in mm Hg) 
Number of heart

132 162 108 122 - - 150 200
i

-

beats per min 140 168 196 208 — — 120 136 — _
2 250 Blood pressure 

(in  mm Hg) 150 212 100 130
Number of heart 
beats per min 120 136 148 200

2a 400 Blood pressure 
( in mm Hg) 
Number of heart

146 202 70 80 - - - - -

beats per min 124 142 188 188 — — _ _ _ _

3 350 Blood pressure 
( in mm Hg) 136 186 120 152 120 150
Number of heart 
beats per min 12B 160 168 184 160 184

3a Blood pressure
(in  mm Hg) 136 196 58 80 140 170 130 180
Number of heart
beats per min 140 156 128 134 128 152 126 144 _ _

4 400 Blood pressure 
( in mm Hg) 140 170 50 50 140 172
Number of heart 
beats per min 108 120 208 208 160 176

6 300 Blood pressure 
( in mm Hg) 
Number of heart

140 158 72 78 136 150 - - 136 152

beats per min 80 88 136 144 120 12B — — 104 112
6 300 Blood pressure 

(in  mm Hg) 88 106 60 66 82 90 88 118 90 120
Number of heart 
beats per min 160 168 168 116 168 184 192 192 176 184

6a 400 Blood pressure 
( in mm Hg) 
Number of heart

90 106 60 66 88 96 106 134 106 134

beats per min 160 168 208 216 108 108 184 200 168 164
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22 to 30 inm  Hg; in ex p e rim en t 5, fro m  6 to 13m m H g. In ex p e rim en t No. 3, 
in  which the blood p r e s s u r e  leve l in  the 2nd and 4th m in u tes  rem a in ed  the 
sam e  (120 m m  Hg) the p r e s s o r  re a c tio n  w as a lso  the sam e (30 m m  Hg).

The r i s e  in blood p r e s s u r e  a fte r  c o m p re ss io n  of the c a ro tid  a r t e r i e s  in 
the 2nd m inu te  am ounted, on the av e rag e  fo r  a ll e x p e rim e n ts  to  16 m m  Hg 
(as a g a in s t 50 m m  in the in itia l s ta te ); in  the 4th m inute , the  p r e s s o r  
re a c tio n  in c re a se d  to  24 m m . A fte r sw itch ing  o v e r to n o rm a l a tm o sp h eric  
p r e s s u r e  the p r e s s o r  re a c tio n  in c re a se d  and reach ed  the in itia l f ig u re s .

As is  w ell known, the r i s e  in blood p re s s u re  a f te r  c o m p re ss io n  of the 
c a ro tid  a r t e r i e s  is  acco m p lish ed  by two re flex  re a c tio n s  —v a so c o n s tr ic tio n  
and in c re a s e  in  the h e a r t  r a te . In the  in it ia l  condition , as fo llow s from  
Table 1, the h e a r t  r a te  a f te r  c o m p re ss io n  of the c a ro tid  a r te r ie s  in c re a se d  
by 8 — 32 b ea ts  (by 18, on the av e rag e). T h e re fo re , p a r tic ip a tio n  of the 
c a rd ia c  com ponent in  the p r e s s o r  re a c tio n  u n d er n o rm a l r e s p i r a to ry  
cond itions w as p e rfe c tly  obvious.

A fte r sw itch ing  o v e r to  in c re a se d  p r e s s u r e ,  c o m p re ss io n  of the c a ro tid  
a r t e r i e s  w as not alw ays a sso c ia te d  with an in c re a s e  in c a rd ia c  ac tiv ity .
T his w as the c a se  in tho se  e x p e rim e n ts  w here the h e a r t  ra te  a t the tim e  of 
c o m p re ss io n  w as v e ry  ra p id  — about 200 p e r  m in  (ex p e rim en ts  N os. 2a,
4, 6, and 6a). The p r e s s o r  re a c tio n  w as b rough t about e s se n tia lly  only 
th rough  v aso c o n s tr ic tio n , and w as le s s  in i ts  m agnitude than  in c a s e s  w here 
an in c re a se  in c a rd ia c  ac tiv ity  w as o b se rv ed  in addition  to v a so c o n s tr ic tio n . 
F o r  exam ple , in  ex p erim en t No. 4 c o m p re ss io n  of the c a ro tid  a r t e r i e s  did 
not lead  to an in c re a se d  blood p re s s u re ,  and in ex p e rim en ts  N os. 2a, 6, 
and 6a the p r e s s o r  re a c tio n  w as v e ry  s lig h t (6— 10 m m ). The r e s u l ts  of 
o u r  e x p e rim e n ts  (reduc tion  and even d isa p p e a ra n ce  of the p r e s s o r  reac tio n ) 
ag re e  co n s id e ra b ly  w ith the da ta  of Kim Don Sok, although we did not 
o b se rv e  the in v e rs io n  of c a ro tid  s inus re f le x e s  which o c c u rre d  in h is  
e x p e rim e n ts . D espite the s im ila r i ty  of the fa c ts  obtained, how ever, we 
do not ag re e  w ith Kim Don Sok 's conclusion  th a t d u ring  re s p ira t io n  under 
in c re a se d  in tra p u lm o n a ry  p re s s u re  th e re  is  no p r e s s o r  com ponent in the 
co m p en sa to ry  re a c tio n  of blood p re s s u re  s tab iliz a tio n . A s o u r ex p e rim en ts  
show, the p r e s s o r  re a c tio n  of the blood v e s s e ls  does o c c u r w henever th e re  
is  red u ced  blood p r e s s u r e .  H ow ever, the p r e s s o r  e ffec t is  le s s  pronounced 
than  u n d er o rd in a ry  conditions, which is  ev iden tly  connected  with a 
red u c tio n  in  the blood volum e in the a r t e r i a l  sy s te m  of the g r e a te r  c irc u la tio n .

D uring  b rea th in g  u n d er in c re a se d  p r e s s u r e  the d e p re s s o r  re a c tio n  
changed to  a g re a te r  d eg ree  than the p r e s s o r  re a c tio n .

A fte r re le a s in g  the  p re s s u re  from  the c a ro tid  a r te r ie s  in the in itia l 
condition  the blood p r e s s u r e  u su a lly  fe ll quickly, and a f te r  s e v e ra l seconds 
re tu rn e d  to the in it ia l  lev e l o r  even dropped  som ew hat below it (F ig u re  1). 
With b rea th in g  un d er p r e s s u r e  the d e p re s s o r  re a c tio n  w as o b se rv ed  only 
w here the blood p r e s s u r e  lev e l had been co m p ara tiv e ly  high b efo re  
in v es tig a tio n  of the re flex ; a t a low blood p re s s u re ,  a s  ind ica ted  above, 
the p r e s s o r  re a c tio n  w as sligh t, and the d e p re s s o r  re a c tio n  was e n tire ly  
absen t.

To e n su re  m o re  re lia b le  conclusions about the condition  of the d e p re s s o r  
re fle x  re a c tio n , the s in u s  n e rv e  w as s tim u la ted  with an induced c u r re n t .
The r e s u l ts  of th e se  e x p e rim e n ts  a re  shown in Table 2.

As fo llow s fro m  Table 2, the deg ree  of the d e p re s s o r  re a c tio n  depends, 
f i r s t  of a ll, on the in itia l blood p re s s u re  lev e l, and secondly , on the deg ree
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T A B L E  2

C h a n g e s  i n  b l o o d  p r e s s u r e  a n d  h e a r t  r a t e  i n  d o g s  a f t e r  s t i m u l a t i o n  o f  t h e  s i n u s  n e r v e  w i t h  a n  i n d u c e d  

c u r r e n t  d u r i n g  r e s p i r a t i o n  u n d e r  i n c r e a s e d  i n t r a p u l m o n a r y  p r e s s u r e

Control
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During respiration under 
increased pressure

After reduction of 
intrapulmonary pressure
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1 300 Blood pressure 
( in mm Hg) 120 60 70 60 94

1
i 68 102 78 102 88

Number of heart 
beats per min 138 114 138 126 136 136 108 126 150 150

la 300 Blood pressure 
( in mm Hg) 130 94 _ _ 50 40 78 54 _ _
Number of heart 
beats per min 210 210 _ 210 210 210 210 _ _

2 400 Blood pressure 
( in mm Hg) 136 80 42 40 76 6b _ _ _

Number of heart 
beats per min 112 96 184 164 162 162 _ _ _

3 300 Blood pressure 
(in  mm Hg) 140 110 _ 140 88 _ 132 82

Number of heat 
beats per min 96 80 _ _ 112 80 _ _ 104 80

4 400 Blood pressure
(in  mm Hg) 120 48 114 70 106 80 136 130 _
Number of heart 
beats per min 112 80 160 146 1S2 152 100 ioo _

4a 400 Blood pressure 
( in mm Hg) 112 50 106 92 122 119 130 86 124 66

Number of heart 
beats per min 112 88 184 176 160 120 104 72 112 80

4b 400 Blood pressure 
( in mm Hg) 110 76 102 88 _ _ 116 118 _
Number of heart 
beats per min 176 168 192 192 - - 168 168 - -

N o t e .  K e s u l t s  o f  e x p e r i m e n t s  l a  a n d  4 b  -  a f t e r  a t r o p i n i z a t i o n .
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of slow ing of c a rd ia c  ac tiv ity  with s tim u la tio n  of the s inus n e rv e . The 
low er the blood p r e s s u r e  at the tim e  of the in v estiga tion  and the le s s  the 
p a r tic ip a tio n  of the c a rd ia c  com ponent in it, the le s s  pronounced  the 
d e p re s s o r  re a c tio n . In a num ber of ex p e rim en ts  a p r e s s o r  r a th e r  than 
a d e p re s s o r  re a c tio n  w as o b se rv ed  during  s tim u la tio n  of the s in u s  nerve  
a t the tim e  of m axim um  blood p re s s u re  red u c tio n .

In o th e r ex p e rim en ts , at the beginning of the nerve  s tim u la tio n  the 
blood p re s s u re  ro s e , and only n e a r  the  end o r  a f te r  c e ssa tio n  of stim u la tio n  
did i t  begin to d e c re a se . In th e se  c a se s  re ta rd a tio n  of c a rd ia c  ac tiv ity  
did not o c c u r  o r  w as v e ry  sligh t.

It i s  c h a ra c te r is t ic  tha t a f te r  a tro p in iza tio n  of an im a ls  as w ell as a fte r  
vagotom y the d e p re s s o r  e ffec t a lso  fe ll off sh a rp ly , and in som e e x p e r i­
m en ts  it w as e n tire ly  ab sen t o r  w as d is to r te d  (T able 2, e x p e rim e n ts  Nos. 
la , and 4b).

The sam e  changes in the c a ro tid  sinus p r e s s o r  and d e p re s s o r  re f le x e s  
in ra b b its  w ere  o b se rv ed  by V. L. G ubar' (1952) a f te r  p o la riz a tio n  (with a 
cathode) of the m ed u lla  with d ire c t c u rre n t. A rtif ic ia l in c re a se  in the 
tone of the v a so c o n s tr ic to r  c e n te r  changed i ts  re fle x  ac tiv ity . A ccord ing  
to the da ta  of th is  au thor, c o m p re ss io n  of the c a ro tid  a r te r ie s  and 
stim u la tio n  of the a o rtic  n e rv e  under th e se  cond itions had li ttle  e ffec t on 
the blood p r e s s u r e  lev e l. In c re a se  in  the ex c itab ility  of the v a so c o n s tr ic to r  
c e n te r  w ith an e le c tr ic  c u r re n t  in te r fe re d  with the developm ent of a re flex  
in c re a se  o r  d e c re a se  in the blood p re s s u re  level.

We a re  inc lined  to  exp la in  th ese  c h a ra c te r is t ic s  in the change in p r e s s o r  
and d e p re s s o r  c a ro tid  s inus re f le x e s  during  b rea th in g  un d er in c re a se d  
p re s s u re  by the fa c t th a t the v a so c o n s tr ic to r  c e n te r  at a low blood p re s s u re  
level is  ev idently  in a s ta te  of p e rs is te n t  excita tion , th a t is , in a s ta te  of 
a dom inant focus (M agnitskii, 1952). It i s  e n tire ly  p o ss ib le  th a t a c e r ta in  
d eg ree  of an em iza tion  of the b ra in  co n trib u te s  to  th is  s tand ing  ex c ita tio n  of the 
c e n te r , as  ind ica ted  by the ex p e rim en ts  of P .P .G oncharov and I. R .Petrov . In 1934 
they , and the co -w o rk ers  of I. R .P e tro v  (Antipenko, 1950; K udritskaya , 1952; 
Z o r 'k in , 1955; and o th e rs )  p roved  th a t in anem iza tion  of the b ra in , shock and 
blood lo ss  w here  redu c tio n  of blood was o b s e rv e d ,f ir s t  the d e p re s s o r  and then 
the p r e s s o r  re f le x e s  d isap p ea red . The au th o rs  explain  th e se  changes in 
the v a sc u la r  and c a rd ia c  re f le x e s  by a change in the in te rre la tio n sh ip  of 
e x c ita to ry  and inh ib ito ry  p ro c e s s e s  in  the co rre sp o n d in g  b ra in  c e n te rs .
The in itia l lo s s  and in v e rs io n  of the d e p re s s o r  c a ro tid  s in u s re f le x  with 
the p r e s s o r  re f le x  in tac t w as co n sid e red  by I. R. P e tro v  an adaptive 
re a c tio n . It is  p o ss ib le  th a t during  re s p ira t io n  under in c re a se d  p re s s u re  
the o m iss io n  of the d e p re s s o r  re fle x  and even an in v e rs io n  of it  is  a lso  an 
adaptive re a c tio n  of the body.

The question  of the in te rre la tio n sh ip  of v aso m o to r and re s p i r a to ry  
c e n te rs  d u ring  re s p ira t io n  under in c re a se d  in trap u lm o n ary  p re s s u r e  is  of 
g re a t th e o re tic a l in te re s t .

As w as po in ted  out in o u r a r t ic le  (Oblapenko, 1964), the r e s p ir a to ry  
c e n te r  is  in  an inh ib ited  s ta te  im m ed ia te ly  a f te r  the in c re a se  in in tr a ­
pu lm onary  p re s s u re  and not uncom m only fo r  som e tim e  th e re a f te r  (for 
s e v e ra l m in u tes). The v aso m o to r c e n te r  is  in a s ta te  of ex c ita tio n  from  
the f i r s t  m om ent, when th e re  is  a sh a rp  drop in the blood p r e s s u r e  in  the 
a o rta . It is p o ss ib le  th a t im m ed ia te ly  a f te r  the in c re a se  in  in trap u lm o n a ry  
p r e s s u r e  a b rie f  i r ra d ia tio n  of inh ib ition  o c c u rs  from  the r e s p i r a to r y  to 
the v aso m o to r cen te r; how ever, the la t te r  ev idently  e lim in a te s  th is  e ffec t 
co m p ara tiv e ly  quickly. T h is is  con firm ed  by the follow ing o b se rv a tio n s .
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In som e e x p e rim e n ts  the in itia l, co m p ara tiv e ly  sh a rp  r i s e  in blood 
p re s s u re  led to the o c c u rre n ce  of in sp ira tio n  and re s to ra tio n  of re sp ira tio n  
a f te r  apnea. In c a s e s  of p ro longed  apnea c o m p ress io n  of both ca ro tid  
a r te r ie s  along with blood p re s s u re  r is e  not uncom m only led to a renew al 
of re s p ira tio n  (F ig u re  1). S tim ulation  of the sinus n erve , converse ly , 
caused  re s p ira to ry  a r r e s t .

T h e re fo re , w h ereas  the n o rm al in te rre la tio n sh ip  betw een the vasom otor 
c e n te r  and the r e s p ira to ry  c e n te r  is  u sua lly  c h a ra c te r iz e d  by the 
p redom inance  of the l a t t e r 's  e ffec ts , the r e v e r s e  s itua tion  is  encoun tered  
during  b rea th in g  under in c re a se d  in trap u lm o n ary  p re s s u re ,  i. e. , the 
v aso m o to r c e n te r  has the g re a te r  effect on the r e s p ira to ry  cen te r .

C onclusions

1. During b rea th ing  under in c re a se d  in trap u lm o n ary  p re s s u re  the 
c a ro tid  s inus p r e s s o r  and d e p re s s o r  re f le x e s  in dogs d e c re a se . The 
d e p re s s o r  re flex  is  m o re  v a riab le .

2. The deg ree  to which the m agnitudes of th ese  re fle x e s  a re  reduced  
depends on the blood p re s s u re  level in the g re a te r  c ircu la tio n , which is  
e sse n tia lly  de te rm in ed  by the tone of the v a so c o n s tr ic to r  cen te r.

3. Wi:h a very  low blood p re s s u re ,  as well as a fte r  a tro p in iza tio n  of 
an im als  o r  vagotom y, the p r e s s o r  ca ro tid  sinus re flex  is  m in im al, and 
the d e p re s so r  effect m ay d isap p ea r com pletely  o r  even be d is to rted .

4. D uring the p e rio d  of co n sid e rab le  reduction  of blood p re s s u re  in the 
g re a te r  c ircu la tio n  th e re  is ir ra d ia tio n  of ex cita tion  from  the vasom oto r 
to the r e s p ira to ry  c e n te r , which at th is  tim e  is  in an inhibited  s ta te . This 
co n tr ib u te s  to a m ore  rap id  re c o v e ry  of re sp ira tio n  in the in itia l perio d  
a f te r  in c re a se  of in trap u lm o n ary  p re s s u re .

B ibliography

A n t i p e n k o ,  E . N.  Sosudistye re fle k sy  p r i  izm enennoi vozbudim osti 
ts e n tro v  golovnogo m ozga (V ascu la r R eflexes in the P re se n c e  of 
A lte red  E x c itab ility  of the C e re b ra l C en te rs) . T h esis . — VMA. 
L eningrad. 1950.

B o t v i n n i k o v ,  B.  A . , I. Sh. G i n z b u r  g,  P,  M . G r a m e n i t s k i i ,  and 
o th e rs . — In: F unktsii o rg an izm a  v usloviyakh izm enennoi gazovoi 
sred y . No. 1. M oskva- L eningrad. 1955.

G o n c h a r o v ,  P . P . and I. R. P  e t r  o v . — F iz io lo g ich esk ii Z hurnal SSSR, 
Vol. 17, No. 4. 1934.

G u b a r '  , V. L. In: N ervnaya reg u ly a ts iy a  k ro v o obrashchen iya  i dykhaniya. 
M oskva, Izd a te l's tv o  AN SSSR. 1952.

K im  D o n  S o k .  R ol1 gum oral'nogo  fak to ra  v izm eneniyakh reak tiv n o sti 
dykhatel'no i i serdechno—so su d is to i s is te m  p r i  dykhanii pod 
izbytochnym  davleniem  (The Role of the H um oral F a c to r  in the 
R eactiv ity  C hanges of the R e sp ira to ry  and C a rd io v a sc u la r  S ystem s 
during  B rea th in g  u n d er In c rea sed  P re s s u re ) .  T h esis . — VMOLA, 
Leningrad. 1958.

256



K u d r i t s k a y a ,  T. E . — T ez isy  dokladov nauchnoi s lte s ii VMA,
L en ingrad . 1952.

M a g n i t s k i i ,  A. N. — In: N ervnaya re g u ly a ts iy a  k ro v o o b rash ch en iy a  i 
dykhaniya. M oskva, Iz d a te l 's tv o  AN SSSR. 1952.

O b l a p e n k o ,  P . V. — T his C o llec tion . 1964.
P e t r o v ,  I. Ft. — In: N ervnaya re g u ly a ts iy a  k ro v o o b rash ch en iy a  i 

dykhaniya. M oskva, Iz d a te l 's tv o  AN SSSR. 1952.
P o p o v ,  V. I. K analizu  fiz io log ichesk ikh  r e a k ts i i  u zhivotnogo so

sto ro n y  k ro v o o b rash ch en iy a  i dykhaniya p r i  dykhanii pod izbytochnym  
davlen iem  (A nalysis of the C irc u la to ry  and R e sp ira to ry  P h y sio lo g ica l 
R eactions of an A nim al B rea th in g  un d er In c re a se d  P r e s s u r e ) .  — 
O tchet NIIAM, No. 4. M oskva. 1949.

S u b b o t a ,  A. G. O nervno i re g u ly a ts ii  k ro v o o b rash ch en iy a  p r i  povyshenii 
vnutrilegochnogo dav len iya  (N ervous R egulation  of the C ircu la tio n  
d u rin g  In c re a se d  In trap u lm o n a ry  P re s s u re ) .  T h e s is .—VMA. 
L en ingrad . 1956.

Z o r ' k i n ,  A. A. Ob izm eneniyakh  se rd ech n o - sosud istykh  i dykhatel'nykh 
re fle k so v  p r i  a s f ik s ii (Changes in the C a rd io v a sc u la r  and R e sp ira to ry  
R eflexes in A sphyxia). T h esis . — VMA, L eningrad . 1955.

257



P . V. Oblapenko

N 6 6 - ’ 7 '-

THE ROLE OF THE VAGUS NERVES IN THE BODY REACTIONS 
DURING BREATHING UNDER INCREASED INTRAPULMONARY PRESSURE

(O ro li  bluzhdayushchikh n e rv o v  v reak ts iy ak h  o rg an izm a  p r i  
dykhanii pod povyshennym  davleniem  v legkikh)

P re se n tly , oxygen a p p a ra tu se s  co n stitu te  one of the m ean s of p rov id ing  
oxygen to fligh t c rew s  u n d er in c re a se d  in trap u lm o n a ry  p re s s u re  due to 
b reak  in the a ir tig h t ce ilin g  of the a irp lan e  cabin d u ring  s tra to sp h e re  
flig h ts .

Although a p p a ra tu se s  supplying oxygen to the r e s p ir a to ry  sy s tem  u n d er 
in c re a se d  p re s s u re  began to be used  in av iation  p ra c tic e  only in the 1940‘s, 
the sm dy of the effect on the body of in c re a se d  in trap u lm o n ary  a ir  p r e s s u re  
w as begun long ago. The V alsa lva  te s t  with in c re a se  in in tra th o ra c ic  
p r e s s u re ,  u sed  in c lin ica l m ed ic ine  to d e te rm in e  the functional condition  of 
the c a rd io v a sc u la r  sy s tem , was w ell known even in the m id - 18th cen tu ry . 
E x p erim en ta l s tu d ies  aim ed a t d e te rm in in g  the effect on the body of b re a th ­
ing a . r  u n d er in c re a se d  p re s s u re  and the m ech an ism s of r e s p ir a to ry  and 
c irc u la to ry  changes o b se rv ed  during  th is  p ro c e s s  w ere begun at the s ta r t  
of the 1860‘s (E inbrodt, 1861). A p a r t ic u la r ly  la rg e  num ber of p a p e rs  
w ere  w ritten  on th is  sub jec t a f te r  the m ethod of b rea th in g  oxygen under 
in c re a se d  in trap u lm o n a ry  p re s s u re  had been used  in 1943 fo r  im prov ing  
the b ody 's  oxygen supply at a ltitu d es  above 12,000 m (Cagge, A llen, e t al. , 
1945; B arach  e t a l . , 1946, 1947; Popov, 1949; Ivanov and Novak, 1949; 
K uznetsov e t a l . , 1952, 1957; V akar, 1953; Botvinnikov, G ram en itsk ii, 
e t a l . , 1955; Subbota, 1956; G ra n d p ie rre , e t a l . , 1957; Jacq u em in  e t a l . , 
1958; Kim Don Sok, 1958; and o th e rs ) .

D espite the la rg e  num ber of s tu d ies  m ade on the e ffec t on the body of 
in c re a se d  oxygen (o r a ir )  p r e s s u r e  in the lungs, the m a tte r  of m ech an ism s 
of change in r e s p ira to ry  and c irc u la to ry  functions re m a in s  u n c le a r  and the 
da ta  on som e p ro b lem s is  even c o n tro v e rs ia l. Thus, fo r  exam ple, th e re  
is  no ag reem en t in the l i te ra tu re  as  to  the ro le  of the vagus n e rv e s  during  
re s p ira tio n  under th e se  conditions.

The m a jo rity  of au th o rs  believe th a t the vagus n e rv e s  p a r tic ip a te  in 
adaptive re a c tio n s  and in c re a se  the body 's  re s is ta n c e  to th is  fa c to r  
(Botvinnikov, G ram en itsk ii, e t a l . , 1955; Subbota, 1956; and o th e rs ) . 
C onverse ly , o th e rs  point out th a t the e lim ina tion  by vagotom y of re flex  
in fluences through the vagus n e rv e s  co n trib u te s  to  an im pro v em en t in  the 
condition  of the body (Popov, K uznetsov, G orev, and C h e rk a ssk ii, 1955; 
K ondratovich , 1956; and o th e rs ) .

In the p re se n t work, a m o re  d e ta iled  study was m ade of the ro le  of 
of the vagus n e rv es  in the c irc u la to ry  and r e s p ir a to ry  re a c tio n s  during
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in c re a se d  in trap u lm o n a ry  p re s s u re ,  u sin g  in s tru m e n ts  which supply  oxygen 
o r  a ir  to the lungs.

Method

F o r the p u rp o se  of so lv ing  the p ro b lem s posed  we used  low vagotom y — 
below the po in t a t which cen trifu g a l c a rd ia c  n e rv e s  b ran ch  off, to g e th e r with 
high sec tio n  of the vagus n e rv e s  in the neck of dogs. This m ethod  was 
n e c e s s a ry  b ecau se  of the fa c t th a t high vagotom y p re v io u s ly  u sed  by m any 
au th o rs  not only in te rru p te d  the flow of a ffe ren t im p u lse s  from  the lungs 
and abdom inal o rg an s  to the c e n tra l  n erv o u s sy stem  but at the sam e  tim e  
in te r fe re d  with the n o rm a l innerva tion  of the h e a r t ,  s in ce  the la t te r  was 
d ep rived  of p a ra sy m p a th e tic  in fluences. T h is fa c t has been overlooked  
by m any a u th o rs .

The e x p e rim e n ta l study  w as c a r r ie d  out in s h o r t - te r m  e x p e rim e n ts  on 
20 dogs 3 — 5 y e a r s  of age. T h irty  to fo r ty  m in u tes  b efo re  the ex p e rim en t 
w as begun the an im als  w ere  given a subcu taneous in jec tio n  of a  2 % m orph ine  
h y d ro ch lo rid e  so lu tion  in a dose of 1 .0— 1.5 m l/1 0  kg body w eight. The 
fe m o ra l vein  w as d is se c te d  out under b rie f  e th e r  stupefac tion , and then  an 
in trav en o u s in jec tio n  of 2% hexenal so lu tion  w as given. D uring  the 
ex p e rim en t, which la s te d  1 .5—2 h r s ,  an av erag e  of 1.5 —2.5 m l of hexenal 
so lu tio n /k g  body w eight w as given.

In p re p a r in g  the an im a ls  fo r  the ex p erim en t, the fe m o ra l a r te ry ,  vagus 
n e rv e s  fro m  the low er m a rg in  of the la ry n x  to the po in t at which the 
c a rd ia c  b ra n c h e s  b ran ch  off, and the r ig h t ju g u la r vein w ere  d isse c te d  out.

To p re v e n t coagulation  of the blood in the cannu las, h e p a rin  w as given 
in trav en o u sly  in a dose of 0.2 — 0.25 m l/1 0  kg body w eight. A g la ss  tube, 
which w as connected  through a ru b b e r  tube w ith a  Ludwig m e rc u r ia l  
m an o m ete r, w as in troduced  into the r ig h t v e n tr ic le  of the h e a r t  th rough  
the ju g u la r  vein . The e n tire  p re p a ra tio n  fo r  the ex p e rim en t took 40— 60m in .

In the in itia l s ta te  and during  the c o u rse  of the ex p e rim en t a r e c o rd  was 
m ade of the blood p re s s u re  in the fe m o ra l a r te r y  and in the r ig h t v e n tr ic le , 
th o ra c ic  and abdom inal re sp ira tio n , and the a i r  o r  oxygen p re s s u r e  in the 
r e s p i r a to ry  t r a c t .  In c re a se d  a ir  o r  oxygen p r e s s u r e s  in the r e s p i r a to ry  
sy stem  w as c re a te d  by m ean s of K P - 24 and K P - T oxygen a p p a ra tu se s .
The dogs e ith e r  b rea th ed  th rough a trach eo to m y  cannu la  o r  th rough  a m ask  
with a com pensating  ou tle t valve sp e c ia lly  p re p a re d  fo r  them .

The oxygen a p p a ra tu s  fo r  b rea th in g  u n d er in c re a se d  p re s s u r e  w as u sed  
in  one o r  two se s s io n s , from  3— 10 m in  in a ll v a r ia n ts  of the e x p e rim e n ts ; 
in v a rio u s  e x p e rim e n ts  b rea th in g  u n d er p r e s s u r e  was continued  w ithout 
in te rru p tio n  fo r  a s  long a s  30 m in. The p r e s s u r e  in the r e s p i r a to r y  sy s tem  
w as 200—250 and 300 — 400 m m  H2O.

R esu lts  of the E x p e rim e n ts

In dogs with in ta c t vagus n e rv e s  the follow ing re a c tio n s  o c c u rre d  
im m ed ia te ly  a f te r  in c re a se  in the a ir  o r  oxygen p r e s s u r e  in  the lungs 
(F ig u re  1): r e s p ir a to ry  slow ing o r  a r r e s t  la s tin g  fro m  a few s c o re  seconds 
to s e v e ra l  m inu tes; expansion  of the ch e s t and abdom en; fa ll of the blood
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b l o o d  p r e s s u r e  i n  t h e  r i g h t  v e n t r i c l e ;  b a s e  l i n e  o f  t h e  b l o o d  p r e s s u r e ;  t i m e  r r . a r K i n g  — t w o - s e c o n d  

i n t e r v a  s;  a i r  p r e s s u r e  o f  t h e  r e s p i r a t o r y  t r a c t ;  b a s e  l i n e  o f  p r e s s u r e  in  r e s p i r a t o r y  t r a c t  A r r o w s  

f r o m  l e f t  t o  r i g h t ,  b e g i n n i n g  a n d  e n d  o f  i n c r e a s e  o f  i n t r a p u l m o n a r y  p r e s s u r e ,

F I G U R E  2 .  R e s p i r a t o r y  a n d  c i r c u l a t o r y  c h a n g e s  i n  a  d o g  a f t e r  h i g h  v a g o t o m y  d u r i n g  t h e  b r e a t h i n g  o f  

a i r  w i t f  a n  i n t r a p u l m o n a r y  p r e s s u r e  o f  4 0 0  m i n  H j O .  S a m e  e x p e r i m e n t .

F r o m  t c p  d o w n :  t h o r a c i c  r e s p i r a t i o n ;  a b d o m i n a l  r e s p i r a t i o n ;  b l o o d  p r e s s u r e  i n  t h e  f e m o r a l  a r t e r y ;  

b a s e  l i r e  o f  t h e  b l o o d  p r e s s u r e ;  b l o o d  p r e s s u r e  i n  t h e  r i g h t  v e n t r i c l e ;  b a s e  l i n e  o f  t h e  p r e s s u r e  in  

t h e  r i g f t  v e n t r i c l e ;  t i m e  m a r k i n g ;  a i r  p r e s s u r e  i n  t h e  r e s p i r a t o r y  t r a c t ;  b a s e  l i n e  o f  t h e  p r e s s u r e  in  

t h e  r e s p i r a t o r y  t r a c t .
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p r e s s u r e  in the g re a te r  c ircu la tio n ; in c re a s e  of the blood p re s s u r e  in the 
r ig h t v en tr ic le ; and slow ing o r  ( le s s  often) a s lig h t in c re a s e  in the h e a r t  
ra te .

I'lGURE 3. Respiratory and circulatory changes in a dog after low vagotomy during the breathing 
of air with intrapulmonary pressure of 400 mm HjO. Same experiment.

The key for the curves is the same as for Figure 1.

Subsequently , in m o st ex p e rim en ts  the ra te  and depth of re s p ira t io n  w ere  
g rad u a lly  r e s to re d  to n o rm a l, although re s p ira t io n  w as u su a lly  s lo w er than 
in the in itia l condition  and w as not alw ays rh y thm ica l; the blood p re s s u re  
leveled  off; the p u lse  in c re a se d  in frequency ; the blood p r e s s u r e  in the 
r ig h t v e n tr ic le  continued to  be elevated .

A fte r sw itch ing  o v er to n o rm a l b rea th in g  conditions th e re  w as a redu c tio n  
in  the volum e of the ch e s t and abdom en, and n o rm a liza tio n  of the r a te  and 
depth of re s p ira t io n  o c c u rre d ; the blood p re s s u re  w as in itia lly  m ark ed ly  
in c re a se d , and then  it approached  the in itia l leve l in an undulating  m anner; 
the pu lse  slow ed co n sid e rab ly  a t f i r s t  but re tu rn e d  to  the in itia l ra te  
co m p ara tiv e ly  quickly; the p r e s s u r e  in the r ig h t v e n tr ic le  fe ll im m ed ia te ly  
but sh o rtly  a fte rw a rd s , a s  the r e s u l t  of an in c re a se  in the am plitude and 
s tre n g th  of i ts  co n trac tio n s , the sy s to lic  p r e s s u r e  in c re a se d . R ecovery  
of the r e s p i r a to r y  and c irc u la to ry  functions o c c u rre d , as a ru le , within 
3 — 5 m in.

R e g a rd le ss  of w hether oxygen o r  a i r  w as u sed  fo r  b re a th in g  under 
p r e s s u r e ,  no d iffe re n c es  in p rin c ip le  in the c irc u la to ry  o r  r e s p ir a to ry  
re a c tio n s  w ere  o b se rv ed .

V/ith in c re a se  in in trap u lm o n a ry  p re s s u re ,  dogs su b jec ted  to high 
vagotom y showed a g re a te r  expansion of the abdom en than  befo re  vagotom y, 
re s p ira t io n  did not slow up but, co n v erse ly , in c re a se d  s lig h tly  in  ra te ;
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in m ost c a s e s  the blood p re s s u re  dropped som ew hat m o re  slow ly but it 
leveled  off slow ly a lso , and with high in trap u lm o n a ry  p r e s s u r e s  not 
uncom m only no e leva tion  of the blood p re s s u re  w as o b se rv ed  at a ll 
(Figure; 2). In c re a se  in the p re s s u re  in the r ig h t v e n tr ic le  and change in 
the hes.rt ra te  w ere le s s  than befo re  vagotom y.

In dogs with low vagotom y, even b efo re  the in c re a se  in in trap u lm o n ary  
p re s s u re ,  not uncom m only a change in the h e a r t  r a te  in the d irec tio n  of 
both in c re a se  and d e c re a se  was o b se rv ed . The c irc u la to ry  changes showed 
c e r ta in  c h a ra c te r is t ic  fe a tu re s . Only in 30% of the c a s e s  did the pu lse  
ra te  re m a in  unchanged a fte r  low vagotom y. The blood p re s s u re  rem ain ed  
at a lm o st the sam e leve l a s  befo re  vagotom y; only a t tim e s  w ere sligh t 
changes o b serv ed  in it, brought about, evidently , by changes in the h e a r t 
r a te . In c rea se  in the in trap u lm o n ary  p re s s u re  le ad s  to e s se n tia lly  the 
sam e r e s p ira to ry  changes as in c a s e s  with high vagotom y.

As : s evident from  F igu re  3, when the b rea th in g  ap p a ra tu s  was used  
under in c re a se d  p re s s u re  in dogs with a low vagotom y the blood p re s s u re  
at f irs '; dropped quickly also; it  leveled  off m o re  slow ly than befo re  
vagotom y but m o re  rap id ly  than a f te r  high vagotom y. A change in the 
h e a r t  ra te  and pulse  p r e s s u re  o c c u rre d  a fte r  a c e r ta in  delay. At f ir s t ,  
the  pu lse  slow ed up a l i ttle  o r  rem ain ed  unchanged, but a f te r  som e seconds 
(10—20) it in c re a se d  in r a te . The am plitude of the pu lse  w aves at f i r s t  
a lso  d e c re a sed  ap p rec iab ly  and w as low est at the tim e  the blood p re s s u re  
reach ed  the low est lev e l. A lm ost sim u ltan eo u sly  with the r i s e  in blood 
p re s s u re  and in c re a se  in pu lse  ra te , the pu lse  waves g radually  en la rg ed .
At th is  tim e  we also  noted an in c re a se  in tension  of the abdom inal m u sc le s , 
which, how ever, was le s s  pronounced than befo re  vagotom y. The pu lse  
ra te  re ached its  m axim um  1 — 2 m in a fte r  in c re a se  in in trap u lm o n ary  
p re s s u re ,  but was u su a lly  le s s  than in ex p e rim en ts  with high vagotom y.
A fter th is  the am plitude of the pu lse  w aves continued to in c re a se  o r  
rem ain ed  unchanged, and the p u lse  began to slow up, as  was a lso  the ca se  
b efo re  vagotom y. The blood p re s s u re  continued to in c re a se  o r  rem ain ed  
at the p rev io u s level. The p re s s u re  in the r ig h t v e n tr ic le  in a num ber of 
ex p e rim en ts  in c re a se d  to a l e s s e r  deg ree  than befo re  vagotom y.

A fte r reduction  of in trap u lm o n ary  p re s s u re  to n o rm al the g en era l 
p ic tu re  of re c o v e ry  of c irc u la to ry  functions was app rox im ate ly  the sam e 
as i t  had been befo re  vagotom y.

F o r the pu rpose  of in te rru p tin g  the p a ra sy m p a th e tic  f ib e rs  of the vagus 
n e rv e s  w ithout im p a irin g  the in te g rity  of the a ffe ren t t r a c ts ,  we p e rfo rm ed  
fo u r ex p e rim en ts  with a tro p in iza tio n  of the an im als , which w ere  given an 
in trav en o u s in jection  of 2 m l of 0.1% atrop ine  solu tion . T hese ex p e rim en ts  
showed th a t a f te r  in c re a se  in the in trap u lm o n ary  p re s s u re ,  ta c h y c a rd ia  
w as m o re  pronounced than in dogs with high vagotom y, reach in g  200 o r  m o re  
bea ts  p e r  m inute . The blood p re s s u re  did not alw ays com e up to the leve l 
which had been o b serv ed  in the dogs b efo re  a tro p in iza tio n . Only a t low 
p re s s u re  lev e ls  was th e re  no d ifference.

D iscussion  of R esu lts

In c rea sed  p re s s u re  in the r e s p ir a to ry  sy stem , like o th e r unusual fa c to rs , 
causes, on the one hand, changes in  the body ind ica ting  a fu n c tio n a l d iso rd e r
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and on the o th e r, adaptive, p ro te c tiv e  re a c tio n s  d ire c te d  at p lac in g  the 
o rg an ism  in eq u ilib riu m  with the new conditions.

A lthough it  is  v e ry  d ifficu lt to m ake a d e ta iled  a n a ly s is  of the m ech an ism s 
of th e se  co m plica ted  re a c tio n s , one fac t is  beyond doubt: in m any of th ese  
re a c tio n s  the vagus n e rv e s  p layed  a v e ry  g re a t p a r t .  Thus, fo r  exam ple, 
r e s p ir a to ry  slow ing o r  a r r e s t ,  co n stan tly  o b se rv ed  in s h o r t-  te rm  
e x p e rim e n ts  on an im als  in the in itia l p e rio d  of re s p ira t io n  un d er in c re a se d  
in trap u lm o n a ry  p re s s u re ,  is  explained  by a ll au th o rs  studying  th is  p rob lem  
by the inh ib ito ry  effect of a ffe ren t im p u lses  p a ss in g  o v e r the vagus n e rv e s  
to the r e s p i r a to ry  c e n te r .

The b rie f  b ra d y c a rd ia , which co n tr ib u te s  to a m o re  m a rk e d  d rop  in 
blood p re s s u re ,  m ay be exp lained  a s  a re f le x  inh ib ition  of c a rd ia c  ac tiv ity  
from  the pu lm onary  re c e p to rs  th rough the a ffe ren t and e ffe re n t f ib e rs  of 
the vagus n e rv e s . E vidently , a second re fle x  acting  along the sam e line 
is  th a t from  the pu lm onary  a r te r ie s  d e sc rib e d  by Schwiegk (1935) and 
V. V. P a r in  (1941). V. V. P a r in  b e liev es  th a t blood p re s s u re  red u c tio n  in the 
a r t e r i e s  of the g re a te r  c irc u la tio n  when th e re  is  in c re a se d  p r e s s u r e  in 
the p u lm o n ary  a r te r ie s  is  a function  of two com ponents: 1) a c a rd ia c  
com ponent — slow ing of the r a te , and 2) a v a sc u la r  com ponent — d ila ta tio n  
of the a r te r ie s  of the g re a te r  c irc u la tio n . Vagus n e rv e  f ib e rs  a lso  
re p re s e n t  an a ffe ren t com ponent of th is  re flex .

In our ex p e rim e n ts , an im als  with a high vagotom y showed no such slow ing 
of the h e a r t  ra te  im m ed ia te ly  a f te r  in c re a se  in in trap u lm o n a ry  p re s s u re .
At the sam e  tim e , in m any e x p e rim e n ts  a f te r  low vagotom y the slow h e a r t  
r a te  rem a in ed . In the la t te r  c a se , desp ite  the exclusion  of the pu lm onary  
re c e p to r  a re a , a ffe ren t im p u lses  from  the p e ric a rd iu m  and g re a t v e s se ls  
(over the d e p re s s o r  n erve) continued to go to the c e n tra l  n e rv o u s sy stem  
o v er the vagus n e rv es ; th is  a ffe ren ta tio n  w as e n tire ly  su ffic ien t to  inh ib it 
c a rd ia c  ac tiv ity .

In the c a se  of b rea th in g  under in c re a se d  p r e s s u r e  no g re a te r  than 
400—500 m m  H2O, the  co m p ara tiv e ly  b rie f  p e rio d  of r e s p i r a to ry  and 
c irc u la to ry  d is o rd e rs  is  u su a lly  follow ed by a p e rio d  of th e ir  re c o v e ry . 
C onstan t s tim u la tio n  of the vagus n e rv e s  by in c re a se d  im p u lse s  fro m  the 
c h e s t and abdom inal o rg an s  in te r fe re s , as  a ru le , with the com plete  
re c o v e ry  of r e s p i r a to ry  ra te . Low and high vagotom y e lim in a te  the 
in h ib ito ry  e ffec t on the r e s p ir a to ry  c e n te r  but not in a ll c a s e s . Slowing 
of re s p ira tio n , which w as so m e tim es  o b se rv ed  in o u r e x p e rim e n ts  even 
a f te r  vagotom y, in d ica te s  the ex is ten ce  of o th e r  a ffe ren t pathw ays from  
th o ra c ic  o rg an s . They m ay be se n so ry  f ib e rs  in the th o ra c ic  p o rtio n  
of the sym pathe tic  n e rv e  o r  in the p o s te r io r  ro o ts  of the sp ina l co rd  
(V inokurov, 1944).

In o u r e x p e rim e n ts  the blood p re s s u re  w as re s to re d  m o s t rap id ly  and 
com ple te ly  in dogs with in tac t vagus n e rv e s . The m ain  re fle x  m ech an ism s 
co n trib u tin g  to s tab iliz a tio n  of the blood p r e s s u r e  and in c re a s e  in  the h e a r t  
ra te  w ere  re f le x e s  fro m  the c a ro tid  s in u se s  and a o rtic  a re a . V. I. Popov 
and A. G. Subbota have p roved  the im p o rtan ce  of th e se  re f le x e s  fo r  the 
s ta b iliz a tio n  of blood p r e s s u r e  du ring  b rea th in g  un d er in c re a se d  in t r a ­
p u lm o n ary  p re s s u re .

A g re a te r  in c re a se  in  the h e a r t  ra te  w as o b se rv ed  in e x p e rim e n ts  with 
low er in trap u lm o n ary  p r e s s u r e s  (up to 250— 300 m m  H2O), and in som e 
ex p e rim en ts  ta c h y c a rd ia  developed im m ed ia te ly  a f te r  the in c re a s e  in 
in trap u lm o n a ry  p re s s u re  w ithout p re lim in a ry  b ra d y c a rd ia . Undoubtedly,
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a defin ite  p a r t  in the  in c re a se  in h e a r t  ra te  w as p layed  by the re fle x  from  
the osMa of the venae cavae b ecau se  of the in c re a se  of the blood p re s s u re  
in them  (Pavlov, 1874; B ainbridge , 1915), and by the re fle x  connected  
with in fla tion  of the lungs (Saalfeld, 1932). That both th e se  re f le x e s  have 
vagus f ib e rs  a s  the a ffe ren t com ponent is  co n firm ed  by the fa c t th a t a f te r  
high vagotom y of dogs, we did not o b se rv e  any g re a t a c c e le ra tio n  of the 
h e a r t  ra te . T his h as  a lso  been noted  by a ll au th o rs  who have stud ied  th is  
p ro b lem .

In the ca se  of b rea th in g  u n d er in c re a se d  p re s s u re  a f te r  low vagotom y 
the in c re a se  in h e a r t  ra te  a lso  o c c u rre d  as a  ru le , although in a  num ber 
of c a s e s  it  w as le s s  pronounced  than b efo re  the p ro c e d u re . O ur explanation  
fo r  th is  is  tha t a f te r  low vagotom y re f le x e s  fro m  the lung tis su e  and blood 
v e s s e ls  a c c e le ra tin g  the h e a r t  ra te  w ere  in te rru p te d , and only re fle x e s  
from  Ihe o s tia  of the venae cavae , a o r ta  and c a ro tid  s in u se s  continued to 
function.

E vidently , in the c a se  of b rea th in g  u n d er in c re a se d  in trap u lm o n ary  
p re s s u re  the s ign ificance  of the vagus n e rv e s  as  re g u la to rs  of the d iasto lic  
p e rio d  of the h e a r t  in c re a s e s  co n sid e rab ly . It i s  p e rfe c tly  c le a r  th a t with 
the in c re a se d  load on the r ig h t v e n tr ic le  c re a te d  by e lev a ted  in trap u lm o n a ry  
p re s s u re  c a rd ia c  fatigue should be g re a te r . Hence, it is  n a tu ra l th a t in 
a lm o st a ll nonvagotom ized dogs and in those  with low vagotom y, ta c h y ­
c a rd ia  w as rep la c e d  s e v e ra l m in u tes  a f te r  the p r e s s u re  in c re a se  by an 
ap p rec iab le  slow ing of the h e a r t  ra te  w ithout any reduc tion  in blood p re s s u re .  
This re a c tio n  should be re g a rd e d  as adaptive, d ire c te d  at m ain ta in in g  
c a rd ia c  effic iency  u n d er th e se  conditions.

F rom  th is  view point ano ther phenom enon becom es e a s ily  exp la inab le .
In dogs with a  high vagotom y o r a f te r  a tro p in iza tio n , p a r t ic u la r ly  in 
ex p e rim en ts  with high v alues of in trap u lm o n ary  p re s s u re ,  blood p re s s u re  
s tab iliza tio n  w as not alw ays observ ed . D espite the  fa s t  h e a r t  r a te , which 
cam e to 200 — 240 b e a ts  p e r  m in , the blood p re s s u re  rem ain ed  v e ry  low 
o r  even continued to  drop, th re a te n in g  the a n im a l 's  life . In th e se  c a se s  
a sw itch  had to be m ade to n o rm a l p re s s u re ;  n e v e rth e le ss , in v a rio u s  
ex p e rim en ts  the an im als  died s e v e ra l m inu tes a f te r  the in trap u lm o n ary  
p re s s u re  drop (F ig u re  2).

T h e re fo re , du ring  b rea th in g  under in c re a se d  in trap u lm o n a ry  p re s s u re  
a f te r  high vagotom y, the h e a r t , deprived  of p a ra sy m p a th e tic  inh ib ition  of 
i ts  ra te , quickly becam e e x trem e ly  fatigued . F o r a long tim e  the r ig h t 
ven tri cle  w as incapable of overcom ing  the re s is ta n c e  to the blood flow in 
the pu lm onary  c a p illa r ie s  and of d riv ing  the blood into the le ft h e a rt; the 
blood p re s s u re  th e re fo re  fa iled  to in c re a se  o r  even dropped to z e ro , while 
th e re  w as an in c re a se  in venous s ta s is .  In such c a se s , the re p la c e m en t 
of ta c h y c a rd ia  by b ra d y c a rd ia  tow ard  the end of the e x p e rim e n ts  ind icated  
a m ark ed  reduction  of the functional cap ac ity  of the h e a r t  due to  fa tigue, 
and w as not an adaptive reac tio n .

O ur ex p erim en ts  with a tro p in iza tio n  a lso  p rove  the fav o rab le  n a tu re  of 
p a ra sy m p a th e tic  e ffec ts  on c a rd ia c  ac tiv ity  in b rea th in g  u n d er in c re a se d  
p re s s u re .

T h e re fo re , the ex p e rim en ts  showed th a t the p o o re r  to le ra n c e  of 
an im als  with a high vagotom y to b rea th in g  a ir  o r  oxygen un d er in trap u lm o ­
n a ry  p re s s u re  as  high as  400 m m  H2O is  caused  by the le s s  p e rfe c t re flex  
reg u la tio n  of ca rd ia c  ac tiv ity . C u tting  the vagus n e rv e s  in the neck lead s
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to in te rru p tio n  of the re f le x  which slow s c a rd ia c  ac tiv ity  and m ak es 
m y o ca rd ia l r e s t  m o re  d ifficu lt. T h e re  a re  a lso  in d ica tio n s th a t the vagus 
n e rv e s , a s id e  from  th e ir  re ta rd in g  e ffec t on the  h e a r t , a lso  m ed ia te  
tro p h ic  in fluences which in c re a se  v e n tr ic u la r  c o n tra c tio n s  (Sm irnov, 1952).

D uring  b rea th in g  u n d er in c re a se d  p re s s u re  the tone of the abdom inal 
m u sc u la tu re  a c q u ire s  excep tional im p o rtan ce . By m ean s of th is  re flex , 
w hich is  a lso  in c re a se d  with the p a rtic ip a tio n  of a ffe re n t f ib e rs  of the 
vagus n e rv e s  (V inokurov, Popov, K uznetsov, and o th e rs ) , not only is  
e x p ira tio n  c a r r ie d  out, but the inflow of blood into the  r ig h t h e a r t  is  a lso  
im p ro v ed  (V inokurov, 1944; Subbota, 1956).

It is  p e rfe c tly  obvious th a t the c a rd io v a sc u la r  re a c tio n s  alone, which 
co n trib u te  to  a  m o re  ra p id  p a ssa g e  of blood fro m  the r ig h t h e a r t  into the 
le ft, a re  inadequate  when th e re  is  c o n s id e ra b le  re s is ta n c e  in the blood 
v e s s e ls  of the l e s s e r  c irc u la tio n . It is  e s se n tia l  in  addition , to  p rov ide  
the p ro p e r  inflow of venous blood into the r ig h t a tr iu m . W ithout th is , 
in c re a se d  w ork of the r ig h t v e n tr ic le  w ill be w asted , w ithout r e a liz in g  i ts  
p ro p e r  effec t. R eflex ten sio n  of abdom inal m u sc le s  d u ring  ex p ira tio n , 
w hich is  rh y th m ica lly  re p la c e d  by re la x a tio n  d u ring  in sp ira tio n , co n tr ib u te s  
to  the m o re  ra p id  p a ssa g e  of blood through the abdom inal p o rtio n  of the 
in fe r io r  vena cav a  (in an im als , the p o s te r io r  vena cava) tow ard  the r ig h t 
h e a r t .

O ur e x p e rim e n ts  w ith low vagotom y, w here venous re tu rn  to the r ig h t 
h e a r t  is  m ade m o re  d ifficu lt, showed th a t desp ite  the co m p ara tiv e ly  
p e r fe c t re f le x  reg u la tio n  of c a rd ia c  ac tiv ity  the blood p r e s s u r e  lev e led  off 
m o re  slow ly. E vidently , in th e se  c a s e s  th e re  w as an in te rru p tio n  of the 
physio lo g ica l m ech an ism  o f-reflex  in c re a se  in the tone of the abdom inal 
m u sc le s . A fte r high vagotom y, re su ltin g  in both d e te r io ra tio n  of 
cond itions fo r  the inflow of blood into the r ig h t a tr iu m  and im p a irm e n t of 
reg u la tio n  of c a rd ia c  ac tiv ity  (the p a ra sy m p a th e tic  in fluences w ere  
in te rru p te d ), th e re  w as no re c o v e ry  of the deranged  c irc u la to ry  functions 
in  a num ber of c a se s .

C onclusions

1. With a  change to  b rea th in g  un d er in c re a se d  in trap u lm o n ary  p re s s u re ,  
dogs show re s p ir a to ry  inh ib ition  and red u c tio n  of the h e a r t  ra te , co n tr ib u t­
ing  to a fa ll  in the blood p re s s u re  in the g re a te r  c irc u la tio n , b rought about 
by a ffe ren t im pulses-icom ing fro m  the m ech a n o re ce p to rs  of the lungs and 
o th e r  th o ra c ic  o rg a n s .o v p r the vagus n e rv e s ,

2. The s ta b iliz a tio n  of blood p re s s u re  which o c c u rs  subseq u en tly  is  
effec ted  by a num ber of re flex es ; the vagus n e rv e s  co n stitu te  the a ffe ren t 
com ponent of the re fle x  a rc  of th is  p ro c e s s .

3. The p a ra sy m p a th e tic  f ib e r s  com ing  to  the h e a r t  th rough the vagus 
n e rv e s  in h ib it the r a te  of c a rd ia c  co n trac tio n s , in c re a s e  the d u ra tio n  of 
d ia s to le , and, th e reb y , red u ce  cardiac, fa tigue  during  b rea th in g  under 
in c re a se d  p re s s u re .

4. Low vagotom y r e s u l ts  in  a reduc tion  of abdom inal m u sc le  tone, a 
d e te r io ra tio n  of venous inflow into the r ig h t h e a r t , and a  s lo w er com pen­
sa tio n  fo r  the hem odynam ic changes cau sed  by in c re a se d  in trap u lm o n a ry  
p r e s s u r e ,  by co m p ariso n  with nonvagotom ized an im als .
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5. High vagotom y, which ca u se s , in addition, a d isru p tio n  of the re flex  
reg u la tion  of c a rd ia c  ac tiv ity , p ro d u ces a co n sid e rab le  im p o v erish m en t of 
the a n im a l's  to le ra n c e  to b rea th in g  under in c re a se d  p re s s u re .
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V. N. Z vorykin, A. A. K oreshkov, and P . A. M al'kov

RESPIRATORY AND CARDIOVASCULAR REFLEX ES FROM 
GilSTROINTESTINAL MECHANORECEPTORS IN BAROMETRIC 

PRESSURE CHANGES

(R efleksy s m ek h an o re tsep to ro v  zheludochno- kishechnogo tra k ta  na 
dykhanie i se rd ech n o - sosud istuyu  s is tem u  p r i  perepadakh  

b aro m etrich esk o g o  davleniya)

It is  w ell known tha t a co n sid e rab le  drop in b a ro m e tr ic  p r e s s u re  (as in 
d eco m p ressio n  of a irp lan e  cab ins and em erg en ce  fro m  deep w ater) so m e­
tim e s  r e s u lts  in abdom inal pain  with lab o red  re sp ira tio n , c a rd ia c  d iso rd e rs , 
and even lo ss  of c o n sc io u sn ess , due to expansion of the gas and in c re a se  of 
p r e s s u re  in the stom ach  and in te s tin e s  (B restk in , 1944; P ivovarov  and 
K om endantov, 1946; Skrypin, 1948; and o th e rs ) . D evelopm ent of p ro tec tiv e  
m e a s u re s  ag a in s t th e se  d is o rd e rs  h as  been im peded by the in su ffic ien t da ta  
concern ing  th e ir  physio log ica l m ech an ism s. Only o ccasio n a l p a p e rs  
(Ivanov, 1944; C hirk in , 1955, 1958) o ffe r fa c ts  suggesting  a re flex  o rig in  
of the re a c tio n s  to loca l d ila ta tion  of the stom ach  and in te s tin e s  investig a ted  
by th ese  au th o rs  du ring  b a ro m e tr ic  p r e s s u re  changes.

T h ere fo re , the aim  of o u r investiga tion  w as a study of the physio log ica l 
m ech jin ism s of the effect of d ila ta tion  of the gas in the e n tire  g a s tro in te s tin a l 
t r a c t  during b a ro m e tr ic  p r e s s u re  changes.

Method

The study w as m ade on dogs in two s e r ie s  of long- te rm  and sh o r t-  te rm  
ex p erim en ts : 1) ex p e rim en ts  in which a ir  w as in troduced  into the g a s tro ­
in te s tin a l t r a c t s  in the an im als; 2) ex p e rim en ts  with b a ro m e tr ic  p re s s u re  
changes.

T hree  f is tu la s  — of the stom ach , sm a ll and la rg e  in te s tin e s  — w ere p laced  
on each  dog before  the long- te rm  ex p e rim en ts  and d u ring  the sh o r t-  te rm  
ex p e rim en ts . A study w as m ade of changes of re sp ira tio n , blood p re s s u re ,  
and pu lse  ra te , and the gas p r e s s u re  in the stom ach  and in te s tin e s  was 
re c o rd e d  (se p a ra te ly  in each sec tio n  in som e ex p erim en ts; in the  o th e rs  
the Scime p re s s u re  w as m ain ta ined  in a ll p a r ts  of the g a s tro in te s tin a l tra c t) . 
In the f i r s t  s e r ie s  of ex p e rim en ts  re s p ira tio n  w as re c o rd e d  from  the 
a n im iil's  ch es t (" th o rac ic "  re sp ira tio n )  and from  the a n te r io r  abdom inal 
w all ("abdom inal" re sp ira tio n ); in the la s t  s e r ie s ,  fro m  the tra c h e a  
through a trach eo to m y  cannula. In the lo n g - te rm  ex p erim en ts  a re c o rd  
w as a lso  m ade of the volum e of pu lm onary  ven tila tion . In a ll s h o r t-  te rm
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e x p e rim e n ts  and in a n u m b er of lo n g -te rm  ex p e rim en ts  the  bl^od p re s s u re  
w as re c o rd e d  from  the  fem o ra l a r te r y  and its  b ran ch es  by m eans of a 
m e rc u r ia l  m an o m e te r. The ex p e rim en ts  w ere  conducted in a p r e s s u re  
ch am b er at both n o rm a l and reduced  b a ro m e tr ic  p re s s u re .  In a ll, 67 
e x p e rim e n ts  w ere  p e rfo rm ed  on 43 dogs.

E x p e rim en ta l D ata

The effect of introducing air into the gastrointestinal tract. The aim  of
th is  s e r ie s  of lo n g - te rm  and s h o r t - te r m  e x p e rim e n ts  w as to  study  the 
c h a ra c te r is t ic s  of sim u ltan eo u s m ech an ica l s tim u la tio n  of a ll p a r ts  of the 
g a s tro in te s tin a l t r a c t ,  s im ila r  to  th a t w hich o c c u rs  du ring  b a ro m e tr ic  
p r e s s u r e  changes. B efore  a d m in is tra tio n  of a i r  the b a s ic  da ta  w as re c o rd e d  
fo r  2 m in, and then  the volum e of a i r  re c o rd e d  by the ex p e rim en ta l con­
d itions (from  1.5 to 10 1 un d er a  p r e s s u re  of 10—20 m m  Hg) w as in troduced  
fo r  a p e r io d  of 2 m in  into the g a s tro in te s tin a l t r a c t  th rough  the f is tu la s  from  
a  tank th rough  a  re d u c e r  and a gas m e te r . A fte r th is , the  f is tu la s  w ere  
c lo se d  fo r  2 m in, and the gas re m a in e d  in the g a s tro in te s tin a l t r a c t .  The 
gas w as r e le a s e d  through the f is tu la s  fo r  2 m in  a lso . In th is  s e r ie s  28 
e x p e rim e n ts  w ere  p e rfo rm e d  on fo u r dogs.

D ata  of lo n g - te rm  ex p e rim e n ts . In m o s t c a s e s  a i r  a d m in is tra tio n  did 
not cau se  any ap p aren t re a c tio n  of the an im als  adapted  to the ex p e rim en ta l 
cond itions, and only in  som e c a se s , with a gas p r e s s u r e  h ig h e r than 20 m m  
Hg, did they  show b ehav io r changes, rang ing  fro m  a m ild  m o to r re a c tio n  
and w hining to  v igo rous m ovem ent.

In 32 c a s e s  out of 45, re s p ira t io n  in c re a se d  in  freq u en cy  (by 10—55%) 
a t the  beginning of a i r  ad m in is tra tio n  (Table 1); when the gas p r e s s u r e  in 
the s tom ach  and in te s tin e s  in c re a se d  to 15—20 m m  Hg it becam e  s lo w er, 
i r r e g u la r ,  and uneven, w ith a d raw n- out stepw ise  ex p ira tio n . S om etim es 
even re s p i r a to ry  a r r e s t  w as o b se rv ed  fo r  8 — 10 sec . With the en tra n c e  of 
gas into the g a s tro in te s tin a l t r a c t  the ch e s t expanded som ew hat, and i ts  
r e s p i r a to r y  m ovem en ts becam e m o re  su p e rfic ia l. The am plitude of the 
r e s p i r a to ry  m ovem en ts of the abdom inal w all in c re a se d  sh a rp ly  at f i r s t  
and then, when the p r e s s u r e  w as h ig h est in the g a s tro in te s tin a l t r a c t  
(15—20 m m  Hg), p a r t ic u la r ly  in the stom ach , th is  in c re a se  w as re p la c e d  
by a m ark ed  d e c re a se . A s soon as som e of the a ir  went fro m  the stom ach  
into the duodenum , w hich could be judged by the co rre sp o n d in g  change in 
gas p r e s s u r e  in  each  of th e se  se c tio n s , abdom inal re s p ira t io n  again 
in c re a se d  co n sid e rab ly . A fter in troduction  of a ir ,  in m o st c a s e s  the volum e 
of p u lm onary  ven tila tio n  in c re a se d  sim u ltan eo u sly  in a ll p a r ts  of the 
g a s tro in te s tin a l t r a c t ,  ch iefly  because  of in c re a se d  r e s p ir a to ry  ra te . When 
the gas w as r e le a s e d  fro m  the g a s tro in te s tin a l t r a c t  the ch e s t a ssu m ed  i ts  
u su a l s ize ; the abdom inal wall w as re tra c te d ; abdom inal re s p ira t io n  de­
c re a s e d  m ark ed ly , and the depth of th o ra c ic  r e s p ir a to ry  m ovem ents 
in c re a se d . The r e s p ir a to ry  rhy thm  becam e re g u la r . R esp ira tio n  
g rad u a lly  re tu rn e d  to i ts  in itia l fo rm  (F igu re  1). H ow ever, c a s e s  w ere  
noted (7 out of 45) w here a i r  ad m in is tra tio n  w as accom pan ied  by redu c tio n  
in the freq u en cy  and in c re a se  in the am plitude of th o ra c ic  re sp ira tio n , as 
w ell a s  red u c tio n  in the am plitude of abdom inal re s p ira tio n . In 6 c a s e s  the 
re s p ira t io n  did not change.
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FIGURE 1. Changes in thoracic and abdominal respiration after introduction of air into the 
gastrointestinal tract in a long-term experiment of 7 April 1949

Tracing components ( from top down): thoracic respiration; abdominal respiration; gas pressure 
in the gastrointestinal tract; marking of the volume of pulmonary ventilation; marking of 
stimulation (1st—beginning of air administration; 2n d —cessation of air administration; 3rd — 
beginning of its release); tim e marking, five-second intervals.

In 28 out of 34 c a se s  the pu lse  ra te  in c re a se d  (by 5 — 30%) a f te r  the 
in troduction  of a i r  into the g a s tro in te s tin a l tra c t; in 5, it slowed, and in 
one ca se  rem ain ed  unchanged (Table 2). A fter gas ad m in is tra tio n  was 
stopped the  pu lse  slow ed up som ew hat. Its  slow ing continued even a fte r  
the re le a s e  of the gas from  the g a s tro in te s tin a l t r a c t .  Only la te r  did the 
pulse g radually  re tu rn  to i ts  in itia l level.

A fter in troduction  of a i r  into the g a s tro in te s tin a l t r a c t  the blood 
p re s s u re  in a ll 6 ex p e rim en ts  ro se  (by 8, 16, 18, 36, 48, and 66 mm Hg), and 
the pu lse  and re s p ira to ry  w aves becam e sm a lle r . P r e s s u r e  changes in 
the  g a s tro in te s tin a l t r a c t  w ere alw ays accom panied by p a ra lle l  v a ria tio n s  
in re sp ira tio n , pu lse  ra te  and blood p re s s u re  level. With re le a s e  of the 
gas the blood p re s s u re  re tu rn e d  to the in itia l level.

It is  c h a ra c te r is t ic  tha t the p e rfe c tly  d is tin c t changes in re sp ira tio n , 
p u .se  ra te  and blood p re s s u re  w ere  o b se rv ed  equally  often in c a s e s  of 
pronounced m o to r re a c tio n s  and of absence of m ovem ents. T h ere fo re , 
they  cannot be explained by the m ovem ents of the ex p erim en ta l an im als .

Data of short- term experiments. The aim  of p e rfo rm in g  s h o r t-  te rm  
ex p erim en ts  in th is  s e r ie s  w as to d e te rm in e  the n a tu re  of blood p re s s u re  
changes under gas p r e s s u r e s  of 30 and 40 mm Hg, which could not be 
d o le  in lo n g - te rm  ex p e rim en ts  because of the m ark ed  m o to r re a c tio n s  of 
the dogs, and to d e te rm in e  the ro le  of the "m ech an ica l"  (elevation  of the 
d iaphragm , sh ift of the c a rd ia c  ax is, co m p ress io n  of the g re a t v e s se ls  of
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TABLE 1

Respiratory rate in dogs with introduction of air into the gastrointestinal tract

Date of 
experiment

Name o f  
dog

Respiratory rate per min

Control before 
air administra­

tion

by minutes after air administration

1st 2nd 3rd 4th 5th

20 X II1948 A lfa 16 20 21 26 23
24 XII Bobik 15 16 18 15 - -

8 III 1949 •* 15 15 15 - - -
10 III / 14 18 17 17 17 12

i 12 10 17 17 14 -

( 10 12 - 12 12 12
12 III 12 15 16 11 12 12

{ 12 16 20 15 12 12
13 15 13 14 13 14
13 15 15 14 15 14

15 III 15 16 16 15 14 13
14 15 14 14 14 14

17 III 13 14 :i3 13 13 12
12 n 17 16 17 15
13 19 25 18 16 14

19 III 13 17 16 15 13 13
13 18 14 17 15 13

22 III " 13 14 13 14 13 a
24 III 12 14 16 16 15 12
25 III Barynya j 13 13 18 11 12 14

\ 13 18 10 9 10 12
29 III Bobik 12 16 17 14 16 13
31 III Barynya 14 19 15 15 16 14

1 IV Bobik 13 22 23 19 20 19
4 IV Barynya 17 19 17 17 18 14
8 IV 17 18 16 21 16 19
9 IV 14 15 16 16 13 10

12 IV 19 21 27 27 27 24
15 IV 19 19 23 22 21 23
19 IV 18 22 23 23 21 28

25 27 29 30 33 28
24 27 24 27 28 28

21 IV 22 24 22 21 25 23
16 17 17 15 18 18
20 21 25 26 31 30

26 IV 35 37 41 41 47 32
30 IV 19 23 20 19 20 21

5 V Al'fa / 62 67 72 78 78 50
I 37 57 69 67 - 29

6 V Chernysh ( 14 14 13 10 13 14

1 12 15 13 12 14 12
7 V Al'fa 31 41 34 18 28 15

23 38 46 40 53 13
23 44 47 48 53 32
31 39 86 82 22 15
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TABLE 2

Pulse rate in dogs after introduction of air into the gastrointestinal tract

Respiratory rate per min

Dat< of 
exper ment

Name of 
dog

Control before 
air administra­

tion

by minutes after air administration

1st 2nd 3rd 4th 5th

1 70 85 80 90 _ _
19 III 1940 Bobik \ 120 160 110 - - -

l 120 140 n o 120 - -

24 nr 83 80 108 100 120 88

96 120 120 106 106 9 6
25 III Barynya 90 120 126 126 108 108

90 90 78 90 90 108

100 120 126 132 150 120

2 9  III Bobik
120 138 126 132 150 136
105 144 144 126 120 120
108 126 120 138 135 105

31 III Barynya 90 120 120 96 84 96

j 90 126 120 120 108 102

1 IV Bobik \ 90 126 - 120 120 114
96 68 67 64 64 90I 102 108 n o 120 120 102

96 120 120 96 96 108
90 132 132 120 108 1204 IV Barynya

102 130 126 120 126 108
102 84 96 108 120 108

/ 102 96 108 102 90 120
\ 90 102 34 108 102 108

108 132 126 L 08 96 105
i 109 120 123 120 126 115

/ 84 96 96 80 84 96
\ 96 108 120 138 108 108

i s  rv 96 116 118 n o 116 120

1 96 108 108 108 102 90
21 IV 84 64 68 72 78 88I 111 150 147 114 132 120

/ 90 102 114 90 96 80
\ 102 114 120 108 114 114

30 IV / 100 120 104 104 108 120
\ 120 112 136 160 146 128
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the abdom inal cavity) and re flex  com ponents. In s h o r t-  te rm  e x p e rim e n ts  
a ir  w as ad m in is te re d  74 tim e s  in 16 dogs. The ex p e rim en ts  w ere  p e rfo rm e d  
un d er in trav en o u s u re th an e  a n e s th e s ia  (0. 8— l . Og of a 20% u re th an e  
so lu tion  p er kg body weight).

The in troduc tion  of a i r  into the g a s tro in te s tin a l t r a c t  under th e se  conditions 
caused  in the m a jo rity  of c a se s  d is tin c t r e s p ir a to ry  and blood p re s s u re  changes 
which w ere  e s se n tia lly  s im ila r  to  those in lo n g -te rm  e x p e rim e n ts . H ow ever, 
the la ten t p e rio d  of the re a c tio n  was som ew hat lo n g er (as long as 15 — 20 sec). 
In addition, it developed th a t a i r  ad m in is tra tio n  under g re a t p r e s s u re  
(30 — 40 m m  Hg) does not cause  an in itia l in c re a se  in the r e s p ir a to ry  ra te , 
as we o b se rv ed  under a p r e s s u r e  equal to 10 — 20m m  Hg, but u su a lly  slow s 
it im m ed ia te ly . The in c re a se  in frequency  so m e tim es  o c c u rre d  la te r .  As 
in the long- te rm  ex p e rim en ts , in c re a se d  blood p re s s u re  w as a c h a r a c te r i s ­
tic  re a c tio n  (15 out of 22 c a se s ) . In 3 c a s e s  it did not change; in 4, it 
d e c re a sed . C a se s  of blood p re s s u re  redu c tio n  coincide with a co n sid e rab le  
red u c tio n  in r e s p ir a to ry  ra te  and with apnea, and ev iden tly  depend on them . 
The blood p re s s u re  changes u su a lly  began som ew hat la te r  than  the r e s p i r a ­
to ry  changes, but both alw ays follow ed a ll gas p r e s s u re  v a r ia tio n s  in  the 
g a s tro in te s tin a l t r a c t  (F ig u re  2).

FIGURE 2. Changes in respiration and blood pressure after introduction o f air into the gastro­
intestinal tract in a short-term experiment of 17 May 1949. The order of the tracings is the 
same as in Figure 1 but wirhour recording of the volume of pulmonary ventilation.

In troducing  the gas s e p a ra te ly  through the g a s tr ic  o r  one of the in te s tin a l 
f is tu la s  showed tha t the g re a te s t  changes in re s p ira t io n  and blood p re s s u re  
a re  p roduced  by d ila ta tio n  of the stom ach . T his re a c tio n  w as a lm o st 
exac tly  the sam e as the re sp o n se  to s im u ltaneous in troduc tion  of a i r  into 
a ll 3 f is tu la s  in th is  ex p erim en t.
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In subsequent ex p e rim en ts  a re a c tio n  to the in troduction  of a i r  under 
a p re ssu  re  of 10 mm Hg with in c re a se d  o r  reduced  tone of the g a s tro in te s ­
tin a l t r a c t  was d em o n stra ted . In c re a se  in tone w as p roduced  by the 
ad m in is tra tio n  of sm a ll d oses of ace ty lcho line  o r  physostigm ine  in tr a ­
venously; d e c re a se , by the local action  of ad ren a lin  o r  a trop ine . The 
re s p ira to ry  and blood p re s s u re  re a c tio n s  w ere of the sam e type and equal 
in deg ree  both a fte r  the in c re a se  and d e c re a se  in tone, and co rresp o n d ed  
to  the r e s u lts  of a con tro l ad m in is tra tio n  of a i r  if the gas p re s s u re  
rem ain ed  the sam e. Hence, the re a c tio n  to the a ir  ad m in is tra tio n  depends 
e sse n tia lly  on the p re s s u re  c re a te d  ra th e r  than on the in itia l level of gas to 
in tes tin a l tone.

The next p rob lem  was to d e te rm in e  the s ign ificance  of the "m echan ica l"  
and re flex  com ponents in the o rig in  of the reac tio n  being d escrib ed .

F o r Ihe pu rpose  of d e te rm in in g  the ro le  of the "m echan ica l"  com ponent 
the a ir  was in troduced  with the abdom inal cav ity  w idely open and with the 
sm a ll i r te s tin e  e x te r io r iz e d  and p laced  in a bath contain ing  physio log ica l 
sa lin e  solu tion . The ex p e rim en ts  showed tha t the re a c tio n  to  a i r  a d m in is ­
tra tio n , at le a se d  under the d e g re e s  of p r e s s u re  we c re a te d  (as high as 
10 mm Hg), rem ain ed  ju s t as d is tin c t as in the co n tro ls , i. e ., it cannot 
be com plete ly  d e te rm in ed  by m echan ical e ffec ts  on the d iaphragm , h e a r t  
o r  g re a t v e s se ls , although a sh ift of the ca rd ia c  ax is  and an e levation  of 
the cupcla  of the d iaphragm  so m etim es  o ccu r, as o u r se p a ra te  ex p e rim en ts  
with fluoroscopy  of the an im als  showed.

To d e te rm in e  the ro le  of the re flex  com ponent of the reac tio n , a i r  w as 
a d m in is te red  35 tim e s  a f te r  cu tting  the vagus and sp lanchnic  n e rv e s  and 
a fte r  novocain block of the abdom inal nerve  p lex u ses .

C utting the vagus n e rv e s  under the d iaphragm  led to l e s s e r  changes in 
re sp ira tio n  and blood p re s s u re  from  in troduction  of a ir  into the g a s tro ­
in te s tin a l t r a c t ,  p a r t ic u la r ly  into the stom ach: the f i r s t  p e rio d  of slow ing 
of r e s p ira to ry  d ep re ss io n  and fa ll in blood p re s s u re  w as e lim ina ted , the 
la ten t p e rio d  of the r e s p ir a to ry  re a c tio n  w as m ark ed ly  pro longed , and the 
m o to r re a c tio n  of the g a s tro in te s tin a l t r a c t  was le s s  pronounced. It 
ap p ears , th e re fo re , tha t the in itia l p e rio d  of r e s p ira to ry  d e p re ss io n  and 
reduction  of blood p re s s u re  in the ca se  of in troduction  of the a ir  is  brought 
about by the vagus n e rv e s , e s se n tia lly  through the a ffe ren t im p u lses  from  
the g a s tr ic  r e c e p to rs . The second phase of the re a c tio n  — in c re a se  of 
r e s p ira to ry  ra te  and e levation  of blood p re s s u re  — a re  p roduced  only p a r tly  
by the action  of the vagus n erv es; a f te r  vagotom y the re a c tio n  d e c re a sed  
but n ev e r d isap p eared .

C utting  of the sp lanchnic n e rv e s  a lte re d  le s s  than vagotom y the n a tu re  
of the re s p ira to ry  and blood p re s s u re  re a c tio n s  to in troduction  of a ir  
into the g a s tro in te s tin a l t r a c t ,  only slig h tly  le ssen in g  it and so m etim es 
d is to rtin g  the n a tu re  of the changes in blood p re s s u re .

Ever sim ultaneous sec tio n  of the vagus and sp lanchnic n e rv e s  did not 
com plete ly  p rev en t changes in re sp ira tio n  and blood p re s s u re  from  the 
in troduction  of a i r  into the g a s tro in te s tin a l t r a c t ,  though it did produce  a 
m ark ed  le ssen in g  of the reac tio n .

T h ere fo re , the sp lanchnic n e rv e s  and vagus n e rv e s  w ere subsequen tly  
cut w it! s im ultaneous in filtra tio n  of the abdom inal n e rv e  p lex u ses  with a 
novocain solu tion . In troduction  of a i r  a f te r  th is  caused  abso lu te ly  no change 
in the blood p re s s u re ,  and a  b a re ly  no ticeab le  r e s p ira to ry  reac tio n , which
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could have depended on the p re se rv a tio n  of the p h ren ic  n e rv e s  and p e rh a p s  
p a r t  of the p o s te r io r  ro o t innervation . This showed defin ite ly  th a t the 
re fle x  m ech an ism  is  b asic  not only in the c a se  of local m ech an ica l s t im u la ­
tion of the g a s tro in te s tin a l t r a c t ,  which has been shown in a num ber of 
physio log ica l in v estig a tio n s (G oncharov, 1945; K u rtsin , 1952; and o th e rs )  
but a lso  a f te r  a g en era l m ech an ica l s tim u la tio n  of the t r a c t .  The re a c tio n  
begins not only from  the m ucosa l re c e p to rs  but fro m  the m ech an ica l 
re c e p to r s  of a ll la y e rs  of the stom ach  and in te s tin e s , a s  is  ev idenced  by 
the fa c t th a t novocain a n e s th e s ia  fa iled  to p rev en t the changes d esc rib ed .

Hie effect of gas expansion in the gastrointestinal tract during 
barometric pressure changes. In all, 170 a sc e n ts  w ere  c a r r ie d  out in a 
p r e s s u re  ch am b er in s h o r t - te r m  e x p e rim e n ts  on 23 dogs. D uring  the 
ascen t in the ch am b er b a ro m e tr ic  p r e s s u re  was red u ced  to  354—267 m m  
Hg, which c o rre sp o n d ed  to the  p r e s s u re  at a ltitu d es  of 6 ,000—8,000 m 
above s e a le v e l . E s tab lish in g  th e se  d e g re e s  of ra re fa c tio n  (ascen ts) took 
fro m  55 sec  to 6—7 m in  in v a rio u s  ex p e rim en ts , av e rag in g  about 2 m in. 
A fte r 30 sec of co n stan t ra re fa c tio n  (plateau) the p r e s s u re  w as brought 
back to the in itia l p r e s s u r e  in 1—2 m in, i. e ., s e a le v e l  p r e s s u r e  (descen t).
In a num ber of e x p e rim e n ts  the d escen t was c a r r ie d  out m uch m o re  quickly 
(in 3—7 sec) by m ean s of a sp ec ia l adaptation . The an im als  w ere  p re p a re d  
fo r  the ex p e rim en t in the sam e way a s  in the s h o r t-  te rm  e x p e rim e n ts  of 
the  p rev io u s  s e r ie s .  In 56 a sc e n ts  the an im als  b rea th ed  a ir ,  and th e re  
ex is ted  the p o ss ib ility  of b rie f  anoxia o c c u rrin g . D uring the o th e r  114 
a sc e n ts  oxygen w as used, thus e lim in a tin g  the p o ss ib ility  of anoxia 
com p lica tin g  the e ffec t of expansion of the gas in the g a s tro in te s tin a l t r a c t .  
E vidently , th e re  w as no e s se n tia l  d iffe rence  in  the r e s u l ts  of the e x p e rim e n ts  
p e rfo rm e d  with and w ithout oxygen, because  of the b rie f  s tay  at a ltitu d e .

With a scen t to a ltitu d e  the p re s s u re  in the g a s tro in te s tin a l t r a c t  
in c re a se d  by 13—136 mm Hg o v e r the b a ro m e tr ic  p r e s s u re  in the ch am b er, 
and it  dropped  to the p r e s s u re  leve l in the ch am b er on the p la teau  during  
the d escen t. Not uncom m only, th is  drop o c c u rre d  in a s tepw ise  m an n er, 
which w as cau sed  by belch ing  and p assag e  of gas th rough  the re c tu m .

In a ll e x p e rim e n ts  the r e s p ir a to ry  and blood p re s s u re  re a c tio n s  w ere  
d em o n stra ted  d is tin c tly  and a lm o st un ityp ica lly  but to d iffe ren t d e g re e s  
(F igu re  3). T hese re a c tio n s  re se m b le d  the changes d e sc rib e d  above a f te r  
in trod u c tio n  of gas un d er co n sid e rab le  p r e s s u re .  The g re a te r  the ra te  and 
m agnitude of the p r e s s u re  drop, the g re a te r  the reac tio n . U sually  the 
re a c tio n  began sh o rtly  a f te r  the beginning of the a scen t and at the beginning 
of the p la teau  p e rio d . Even befo re  d escen t began the re s p ira t io n  and blood 
p re s s u re  began to re tu rn  to the in itia l lev e l. In the abso lu te  m a jo r ity  of 
the e x p e rim e n ts  (21 out of 23) a slow ing of re s p ira tio n  w as noted  to the 
point of b r ie f  apnea and reduc tion  of the am plitude of the r e s p ir a to ry  
m ovem ents. Not uncom m only, re s p ira t io n  becam e i r r e g u la r ,  and in s p ir a ­
tion w as m ark ed ly  p ro longed . In som e e x p e rim e n ts  apnea la s te d  10—17 sec . 
In a n um ber of c a s e s  the blood p re s s u re  in c re a se d ; in o th e rs  it  d e c re a se d  
to d iffe ren t d eg re e s , but th e re  w as alw ays a red u c tio n  in the s iz e  of its  
r e s p ir a to ry  w aves. S om etim es the size  of the pu lse  w aves w as red u ced  
and the h e a r t  r a te  slow ed up. D uring the d escen t re s p ira t io n  and blood 
p r e s s u r e  re tu rn e d  to the in itia l level. H ow ever, a ll 5 c a se s  of m ore  rap id  
a sc e n ts  (in 3 —7 sec), c a r r ie d  out with 4 an im als , re su lte d  in m a rk e d  
dyspnea, in 2 c a se s , to a second d is tin c t r i s e  in the blood p re s s u re .
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FIGURE 3. Changes in respiration and blood pressure in a dog with ascent to 6000 m. 
Experiment of 17 August 1949.

Tracing components ( from top down): Respiration; blood pressure; base line of 
manometer; altitude marking; time marking.

FIGURE 4. Absence or respiratory and blood pressure changes with drop in barometric 
aressure following novocain block of the vagus and splanchnic nerves and the abdominal 
lerve plexuses. Experiment of 17 October 1949.

The order of the tracing components is the same as for Figure 3.
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In e x p e rim e n ts  p e rfo rm e d  a f te r  m axim um  p re lim in a ry  rem o v a l of gas 
fro m  the g a s tro in te s tin a l t r a c t  the re s p ira tio n  and blood p r e s s u r e  e ith e r  
did not change at a ll with red u c tio n  of the b a ro m e tr ic  p r e s s u re ,  o r  the 
re a c tio n  w as m ark ed ly  le ssen ed . C onverse ly , the a sc e n ts  c a r r ie d  out 
a f te r  the add itional in troduc tion  of a i r  into the g a s tro in te s tin a l t r a c t  w ere 
accom pan ied  by a co n sid e rab le  in c re a se  in r e s p ir a to ry  and blood p re s s u re  
changes.

We then, a s  befo re , investig a ted  the re a c tio n  to  a sc e n ts  a f te r  cu tting  
and novocain block of the n e rv e s  and n e rv e  p lex u ses . In a ll a sc e n ts  with 
2 an im als , c a r r ie d  out a f te r  novocain block of the vagus n e rv e s  u n d er the 
d iaph ragm , a co n sid e rab le  red u c tio n  of the r e s p ira to ry  changes and a l e s s e r  
red u c tio n  of blood p re s s u r e  changes w ere  noted.

C utting  the sp lanchnic  n e rv e s  cau sed  a l e s s e r  change in the r e s p ir a to ry  
re a c tio n  and a g re a te r  change in blood p re s s u re .  In 4 c a s e s  th e re  w as no 
blood p re s s u r e  re a c tio n  to the 7 a sc e n ts  c a r r ie d  out a f te r  cu tting  the 
sp lanchn ic  n e rv es ; in 1, the blood p r e s s u r e  r i s e  was h a rd ly  no ticeab le  
and in 2 it d e c re a sed , w h ereas  in the co n tro l a sc e n ts  an in c re a s e  in the 
blood p re s s u re  o c c u rre d .

Seven o th e r  a sc e n ts  by two an im a ls  w ere  c a r r ie d  out a f te r  b ila te ra l  
novocain block of the sp lanchn ic  and vagus n e rv e s  and the n e rv e  p lex u ses  
of the abdom inal cav ity . Of th e se , in 1 ca se  th e re  w as no re a c tio n  
(F ig u re  4); in 3 it  w as neglig ib le; in the rem a in in g  3, it  w as m uch le s s  
than  in the co n tro l a scen t. A fter the block of the vagus and sp lanchn ic  
n e rv e s  and n e rv e  p lex u ses  had led  to the d isap p earan ce  of the r e s p ira to ry  
and blood p r e s s u r e  re a c tio n s  the novocain was w ashed out of the s ite  into 
which it  had been in f iltra te d . The a sc e n ts  m ade a f te r  th is  w ere  again 
accom pan ied  by d is tin c t r e s p ir a to ry  and blood p re s s u re  re a c tio n s  s im ila r  
to  those  which had o c c u rre d  b efo re  the novocain block.

C onclusions

1. In c re a se  in  the gas volum e contained in the g a s tro in te s tin a l t r a c t  
w ith red u c tio n  of the b a ro m e tr ic  p r e s s u re  c a u se s  a change in the freq u en cy  
and depth of re s p ira tio n , in the volum e of pu lm onary  ven tila tion , the  pu lse  
ra te , and in the s tre n g th  of c a rd ia c  co n trac tio n  and blood p re s s u re .

2. The d eg ree  and n a tu re  of th e se  changes depend on the p r e s s u r e  on 
the g a s tro in te s tin a l w all developing with in c re a se  in the gas volum e.

3. R e sp ira to ry  and c irc u la to ry  changes o c c u rr in g  from  expansion  of the 
gas in the g a s tro in te s tin a l t r a c t  during  a b a ro m e tr ic  drop depend m ain ly  
on the m ech an ism  of v is c e ra l  (in terocep tive) re f le x e s  fro m  the m echano- 
r e c e p to r s  of the stom ach  and in te s tin e s , and to a  m uch l e s s e r  d eg ree  on 
the m ech an ica l e ffec ts  on the d iaphragm , the positio n  of the h e a r t ,  and
the lum ina  of abdom inal v e s s e ls . The vagus and sp lanchnic  n e rv e s  and 
n e rv e  p le x u se s  of the abdom inal cav ity  p a r tic ip a te  in the re a liz a tio n  of 
th e se  re f le x e s .

4. The n a tu re  and physio log ica l m echan ism  of the re a c tio n s  to gas 
expansion  in the g a s tro in te s tin a l t r a c t  in the p re se n c e  of b a ro m e tr ic  
p r e s s u r e  d ro p s  should be taken  into c o n sid e ra tio n  in the p rev en tio n  and
the e lim in a tio n  of d eco m p ress io n  d is o rd e rs  under cond itions of h igh- a ltitude 
f lig h ts  and em erg en ce  from  u n d erw ate r d ives.
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N. A. A fan as 'ev  and Z. S. G usinsk ii

CASE OF LATE MANIFESTATION OF INTRAPULMONARY PRESSURE 

(Sluchai pozdnego p ro y av len iy a  b a ro tra v m y  legkikh)

The c a s e s  of in trap u lm o n ary  p re s s u re  tra u m a  with a r te r ia l  gas em bolism  
en coun tered  in diving p ra c tic e  o c c u r ch iefly  when the div ing su it and d iv e r 's  
s e lf-  contained  g e a r a re  used, w here in  the p e r s o n 's  lungs and the b rea th in g  
bags of the ap p a ra tu s  re p re s e n t  a sing le  "a p p a ra tu s -lu n g "  sy s tem .

The ca se  of la te  m an ifes ta tio n  of in trap u lm o n a ry  p r e s s u r e  tra u m a  being 
d e sc rib e d  is  of in te re s t  to p h y sic ian s  sp ec ia liz in g  in physio logy  and to 
diving s p e c ia lis ts ,  and should be taken  into co n sid e ra tio n  in th e ir  p ra c tic a l  
activ ity .

On 1 F e b ru a ry  1960 a group of d iv e rs  u sing  se lf-co n ta in ed  diving g ea r 
w ere  su rfa c in g  from  a depth of 18.5 m with a stop 13.5 m fro m  the bottom . 
One of the ligh t d iv e rs  had opened the reg u la tin g  ou tle t valve of the  a p p a ra ­
tu s  and dived a f te r  w ashing out the ap p a ra tu s  with oxygen th re e  t im e s  as 
is  re q u ire d . A fter r is in g  2—3 m he fe lt co n sid e rab le  buoyancy, but held  
f irm ly  to the buoy rope  with h is  leg s  and a rm s  and c lim bed  up slow ly. The 
d iv e r re le a s e d  the gas m ix tu re  from  h is  b rea th in g  bag fro m  tim e  to  tim e  
through h is  nose into the space  under the helm et; how ever, the  buoyancy 
in c re a se d  rap id ly . Not being able to m a in ta in  h im se lf any longer, he began 
to f lo a t up rap id ly , s lid in g  along the buoy rope . At 13.5 m he ex p erien ced  
a "clouding" of c o n sc io u sn ess , and becom ing se p a ra te d  from  the buoy rope, 
ro se  p re c ip ito u s ly  to the su rfa c e . He w as pulled  out by the in s tru c to r s  
re sp o n sib le  fo r  the sa fe ty  of the d ives, pu lled  o v e r the rope  lad d e r, and then 
he got onto the p la tfo rm  by h im se lf. The GK- 2 diving su it w as m ark ed ly  
in fla ted  in its  upper p o rtio n  (down to the w aist), and the reg u la tio n  ou tle t 
valve in the h e lm et was c lo sed  by the neck s tra p  of the a p p a ra tu s . The 
b rea th in g  bag w as a lso  in fla ted . The d iv e r 's  m outhpiece re m a in e d  in  h is  
m outh.

The d iv e r w as quickly u n d re ssed . He o ffered  no com plain ts; he fe lt 
good. T here  w ere  no ob jec tive  s igns of s ick n ess .

A fter com pletion  of h is  du ties the d iv e r w as again exam ined  by p h y sic ian s. 
H is condition  w as good; sk in  and v is ib le  m ucosae  w ere  n o rm a l. The pu lse  
w as 58 p e r  m in, rhy th m ica l, of s a tis fa c to ry  quality . The h e a r t  b o rd e rs  
w ere  within n o rm a l lim its ; h e a r t  sounds w ere  p u re . The blood p re s s u re  
was 110/70, The lungs w ere  c le a r  to p e rc u ss io n . R esp ira tio n  was 
v e s ic u la r . R eflexes w ere  liv e ly  and m o d era te .

The m o rn in g  a f te r  the dive (16—18 h r s  la te r )  the d iv e r fe lt p a in s  in h is  
ch es t on deep in sp ira tio n  and then m u sc u la r  pa in s  in the a r e a  of the a rm s  
and ch e s t. In the c o u rse  of tim e  h is  condition d e te r io ra te d : he developed
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headache and d izz in ess , w eakness, dyspnea, palp ita tion , and "th robb ing1 
of h is  tem p les  on m ild  p h ysica l exertion ; how ever, he did not seek  m edical 
aid. Only m o re  than th re e  days a fte r  the dive did the d iver com e to the 
in te rn is t.

On exam ination  no ob jective s igns of p re s s u re  tra u m a  w ere found. The 
te m p e ra tu re  w as 37°; the blood p re s s u re ,  1 4 0 /85—140/90. He was 
re lie v e d  of duty fo r  two days because  of h is  s ta te  of health .

The next m orning , a f te r  a second consu lta tion , a su rv ey  X- ra y  film  
was m ade of h is  chest; the film  showed in d is tin c t shadow s of a gas lay e r 
in both su p ra c la v ic u la r  a re a s  betw een the m u sc les ; on the r ig h t these  
w ere  in the fo rm  of a tr ia n g le  and on the le ft, in the fo rm  of a s tr ip . The 
headache, m u sc le  p a in s , and d izz in ess  continued.

On the b a s is  of sub jec tive  com pla in ts  and roen tgenograph ic  findings a 
d iagnosis of in trap u lm o n ary  p re s s u re  tra u m a  w as m ade, and the pa tien t 
w as p laced  in a re c o m p re ss io n  ch am b er with a phy sio lo g is t fo r  th e rap eu tic  
re c o m p re ss io n .

On 5 F e b ru a ry  a t 12:20 p .m .,  i. e ., 92 h r s  a f te r  the dive, re c o m p re ss io n  
w as begun. A p re s s u re  of 8 atm  was c re a te d  fo r  20 m in. At the end of the 
30 m inute p e rio d  un d er th is  p re s s u re  the ch e s t and m u sc le  pains, head ­
ach es and d izz in ess  le sse n e d  co n sid erab ly . A fter the p r e s s u re  had been 
reduced  to  5.5 atm  (1st stop) a ll the patho log ical s igns d isap p eared . Sub­
sequently , tre a tm e n t was conducted acco rd ing  to rou tine  IV of th e rap eu tic  
re c o m p re ss io n  fo r  in trap u lm o n ary  p re s s u re  tra u m a  (PVS- 58). To exclude 
the p o ss ib ility  of pneum onia developing during  th e rap eu tic  reco m p re ss io n , 
the p a tien t w as given an in tra m u sc u la r  in jec tion  of 100,000IU of p en ic illin  
ev e ry  4 h r s  (to tal dose, 400,000 IU) and one tab lespoon  of a 10% CaCl2 
solution .

A fte r em erg in g  from  the ch am b er the pa tien t com plained  only of w eak­
n e ss  and v e ry  slig h t ch es t pain  on deep in sp ira tio n . The exam ination  
showed the following: pu lse  64 p e r  m in, rhy thm ic , and of s a tis fa c to ry  
quality; h e a r t  sounds p u re  and c le a r ; blood p re s s u re  120/60; v e s ic u la r  
re s p ira tio n  norm al; body te m p e ra tu re  36.2°C; re f le x e s  live ly  and 
m odera te ; c ra n ia l n e rv e s  showed no abnorm ality .

The p a tien t w as h o sp ita lized , given pen ic illin  in jec tio n s, and o ra l 
ad m in is tra tio n  of CaCl2 and V itam in C and B j. A rech eck  X- ra y  film , 
m ade th re e  days a f te r  th e rap eu tic  rec o m p re ss io n , showed tha t th e re  w ere 
no focal o r  in filtra tiv e  changes in the lungs; the h e a r t  was n o rm al and 
th e re  w ere rh y th m ica l co n trac tio n s . The a o r ta  was n o rm al. The pulse  
w as 72 p e r  m in, of sa tis fa c to ry  quality; the blood p re s s u re  was 115/55.
The h e a r t  sounds w ere p u re . R esp ira tio n  w as no rm al v e s ic u la r .

A fte r six  days the p a tien t was d isch arg ed  from  the in f irm a ry  in good 
condition.

The c o m p ress io n  of the reg u la tio n  ou tle t valve on the h e lm et had been 
a fa c te r  con tribu ting  to  the o c c u rre n ce  of in trap u lm o n ary  p re s s u re  trau m a .

As the re s u lt  of the d iv e r 's  ra p id  r is e  to the su rfa c e  the p r e s s u re  in 
the a p p a ra tu s -  lung system  d ec rea sed  to a le s s e r  deg ree  than the am bient 
p r e s s u re  (the m o u th -p ie c e  had stayed  put). The ou tle t valve of the 
b rea th ing  ap p ara tu s  had been opened and was in good w orking o rd e r , and 
because  of its  capac ity  could have prov ided  fo r  the d isch a rg e  of the 
ex cess  gas m ix tu re . The in c re a se  in in trap u lm o n ary  p re s s u re  under 
th e se  conditions m ight have been cau sed  by la ry n g o sp asm . However, in
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such a c a se  pronounced  c lin ica l m an ife s ta tio n s  of sp asm , in ab ility  to  c a r r y  
out in sp ira tio n  o r  exp ira tio n , asphyx ia  and se v e re  pain, e tc . would have 
o c c u rre d . In view of the absence  of th e se  sym ptom s the re a so n  fo r  the 
in c re a se  in  in trap u lm o n a ry  p re s s u re  ap p aren tly  lay in the fac t th a t during  
the tim e  the d iv e r floa ted  to  the su rfa c e  the m outhpiece did not leave h is  
m outh, and the o p p re ss io n  of h is  tongue a g a in s t the fro n t tee th  could have 
a lm o s t com plete ly  p rev en ted  the e scap e  of the expanding a lv e o la r  a i r  from  
the lungs. The re su ltin g  in c re a se  of a i r  p r e s s u r e  in the lungs could have 
cau sed  the p re s s u re  tra u m a . "T he clouding of co n sc io u sn ess!" ' du ring  
a sc e n t to  the su rfa c e  w as an e x p re ss io n  of p r e s s u re  trau m a .

A c h a ra c te r is t ic  fe a tu re  of th is  c ase  is  the v e ry  la te  m an ifes ta tio n  of 
s ig n s of p r e s s u re  tra u m a . A nalysis p e rm its  us to  draw  the follow ing 
p ra c tic a l  conclusions.

1. The f i r s t  s igns of in trap u lm o n ary  p re s s u re  tra u m a  (such a s  c h e s t 
p a in s , d iz z in e ss , and headache) can o c c u r s e v e ra l h o u rs  a f te r  the dive 
r a th e r  than  in the f i r s t  few m in u tes  if th e re  h as  been v e ry  s lig h t in ju ry  to 
lung t is s u e . T h erap eu tic  re c o m p re ss io n  should be conducted  in a ll c a se s  
of in trap u lm o n a ry  p re s s u re  tra u m a , r e g a rd le s s  of the tim e  a t which it  is  
d em o n stra ted .

2. A ll c a s e s  in which d iv e rs  shoot to  the su rfa c e  ra p id ly  d u rin g  tra in in g  
and re g u la r  div ing w ork should be in v es tig a ted  c a re fu lly  and re p e a te d ly  by 
p h y sio lo g is ts , even in  the absence  of sub jec tive  com p la in ts  by the d iv e rs  o r  
ob jec tive  s ig n s of in ju ry  to lung tis s u e  (cough, c h e s t pain, h em op tysis , 
e tc .) . Since the  d iagnosis  of such c a s e s  o ffe rs  co n sid e rab le  d ifficulty , 
add itional m ethods of investiga tion , ch iefly  roen tgenography  of the chest, 
should  be used .

If, as  the r e s u l t  of the investiga tion , p r e s s u re  tra u m a  is  ru le d  out, the 
p a tien t should be w arned  th a t with the ap p earan ce  of even v e ry  s lig h t 
m a la ise  he should im m ed ia te ly  go to the p h y sio lo g is ts  [the ac tu a l w ord 
h e re  is  "p h y s ic ia n -p h y s io lo g is t" ] .

3. In c a r ry in g  out tra in in g  and re g u la r  diving work u sin g  diving 
equipm ent i t  is  e s s e n tia l  to pay sp ec ia l a tten tion  once again  to p rev en tin g  
ra p id  a scen t of the ligh t d iv e r  to  the su rfa c e . The ra te  of r i s e  along the 
buoy rope  should not exceed  10—15 m /m in .

In c a s e s  w here the d iv e r cannot p rev en t rap id  r i s e  to the su rfa c e  he 
should e je c t h is  m outhpiece and m ake a com plete  exp ira tio n .
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Z. S. G usinsk ii and A. I. Shvarev

SEVERE SPINAL FORM OF DECOMPRESSION SICKNESS WITH 
A FAVORABLE OUTCOME

(Tyt.zhelaya sp in a l'n ay a  fo rm a  d ek o m pressiono i bolezni s blagopriyatnym
iskhodom )

H ie r a r e  c a se s  of sp inal fo rm  of d eco m p ressio n  s ick n ess  encoun tered  
in d iv e rs  d ese rv e  c a re fu l study. In the p a s t 12 y e a rs  fo u r d iv e rs  w ere 
senl to the C linic of N ervous D isease s  of the M ilita ry  M edical A cadem y 
im . K irov, fo r  tre a tm e n t of sp inal co rd  le s io n s  in d eco m p ressio n  s ick n ess . 
One of th ese  c a se s  was d istingu ished  both by the conditions of o cc u rre n ce  
and the c h a ra c te r is t ic s  of the co u rse  of the s ick n ess .

rrhe d iver had su ffe red  a v e ry  se v e re  sp inal fo rm  of deco m p ressio n  
s ick n ess  in the acute period , com plica ted  by a pu lm onary  lesion , burns 
on the body, b ed so res , and c y s ti t is . D espite th is , the outcom e was quite 
favo rab le  because of com prehensive  and prolonged tre a tm e n t.

rrhe d is tinc tive  n a tu re  of the o ccu rren ce  and co u rse  of the d isea se  in 
th is  c a se  is , we believe, a sso c ia ted  with c e r ta in  individual c h a ra c te r is t ic s  
of tlie d iver.

We should like to give a b rie f  d e sc rip tio n  of the c irc u m s ta n c es  of the 
o cc u rre n ce  and co u rse  of the s ick n ess  in d iv e r A. who underw ent planned 
tra in in g  in a re c o m p re ss io n  cham ber on a tra in in g  ship fo r  d iv e rs .

rrh re e  d iv e rs , healthy  acco rd in g  to a ll s ig n s, en te red  the ch am b er at 
2; 1D p. m ., and the p re s s u re  was ra is e d  to 6 atm  in 8 m in. They rem ained  
u n d er th is  p re s s u re  fo r  21 m in, a f te r  which the p re s s u re  was reduced  to 
1.8 atm . Subsequently, d eco m p ressio n  was c a r r ie d  out acco rd in g  to 
schedule. D uring the p re s s u re  r is e  the d iv e rs  fe lt w ell.

, \ f te r  3—2.5 atm  of d eco m p ressio n  d iv e r A. fe lt pain  in the neck reg ion  
and fo rm ica tio n  in the low er e x tre m itie s . H owever, he a sc r ib e d  no 
im portance  to th is , co n sid e rin g  these  sen sa tio n s  to be the re s u lt  of the 
uncom fortab le  position  of h is  body in the cham ber. A fter changing h is 
position  the pains and p a re s th e s ia s  d isap p eared , but a fee ling  of a c e r ta in  
deg ree  of num bness of the low er e x tre m itie s  p e rs is te d  un til the end of 
d ecom pression .

.M ter the com pletion  of the tra in in g  se ss io n  two d iv e rs  fe lt well, and 
did not com plain of anything. D iver A. noted se v e re  c o n s tr ic tin g  ch est 
pa ins and a reduction  of sen s itiv ity  in the low er half of the body im m ed ia te ly  
afte r  em erg in g  from  the ch am b er (at 4:30 p. m .). At the sam e tim e , w eak­
n e ss  in the low er e x tre m itie s  caused  him  d ifficu ltues in em erg in g  from  the 
cham ber.

At 5:25 (i. e., 55 m in a f te r  leav ing  the cham ber) A. was again put into 
the cham ber fo r  th e rap eu tic  re c o m p re ss io n . The e levation  of the p re s s u re
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to  1.5 ar.m led  to a co n sid e rab le  im provem en t in h is  condition, and a t a 
p r e s s u r e  of 3.0 atm  the sym ptom s of d eco m p ressio n  s ic k n e ss  d isap p eared : 
the d iv e r s ta te d  th a t he fe lt w ell, m ade m ovem ents w ith h is  u p p er and 
low er e x tre m itie s  in the cham ber, and a t 6:10 p. m . he ate  su p p er.

D eco m p ressio n  was c a r r ie d  out w ithout any deviation  from  the p re s c r ib e d  
ro u tin e . H ow ever, a t 10:35 p. m . , d u ring  h is  s tay  under a p r e s s u r e  of
0.9 atm , h is  condition  d e te r io ra te d  m ark ed ly : pain  developed in the ch es t, 
and th e re  w as a num bness of the sk in  of the low er e x tre m itie s , trunk , 
neck, and occiput. The p re s s u re  w as ra is e d  to 5.0 atm . No im provem en t 
o c c u rre d  in the d iv e r 's  condition; he developed s ig n s of p a ra ly s is  of the 
low er e x tre m itie s . At 11:26 p .m . the p r e s s u re  in the ch am b er was ra is e d  
to 7.0 atm . In acco rd an ce  with the ro u tin e , follow ing a 50 m inu te  s tay  
un d er a p r e s s u re  of 7.0 a tm , it  w as red u ced  to 5.5 a tm . No changes w ere  
noted in the p a tie n t 's  condition.

Upon a r r iv in g  a t the scene  of the acc id en t a t  12:11 a. m . the  p h y sio lo g is t 
found th a t the  low er e x tre m itie s  w ere p a ra ly z e d  and th a t th e re  w ere  s ig n s 
of a pu lm onary  les io n . On h is  advice, the p r e s s u re  w as again  r a is e d  to 
7.0 a tm , then  to  8.0, and even to 9.0 a tm . No im pro v em en t o c c u rre d  in 
the p a tie n t 's  condition. At the m axim um  p re s s u re ,  signs of pronounced  
n itro g en  a n e s th e s ia  developed. The subsequen t th e ra p e u tic  d eco m p ress io n  
w as c a r r ie d  out acco rd in g  to a sp ec ia l ro u tin e  (No. 8) with an in c re a se  in 
the fina l s ta g e s  by 2 —3 h rs . T here  was im pro v em en t in  the p a tie n t 's  
condition. At 3:05 a. m . the d iv e r, m aking  an a ttem p t to tu rn  o v er, fe ll 
out of bed, and because  of the p a ra ly s is  of h is  low er e x tre m itie s , could 
not get up and rem a in ed  ly ing on the hot deck). M easu re s  w ere  taken  
fo r  se ttin g  up equipm ent so th a t the phy sic ian  could e n te r  the re c o m p re s s io n  
ch am b er (a re sc u e  ship went to a p lan t w here an a i r  lock w as m ade and 
a ttached  to  the ch am b er hatch).

At 8:10 the phy sic ian  en te red  the cham ber; h e re  he diagnosed p a ra ly s is  
of the low er e x tre m itie s , p a r e s is  of the upper e x tre m itie s , pu lm onary  
in fa rc tio n s , co m plica ted  by b ila te ra l  pneum onia and ex tensive  seco n d — 
th ird  d eg ree  b u rn s of the bu ttocks, sac ru m  and sc&pula (as the r e s u l t  of 
ly ing  on the hot deck. The phy sic ian  applied  d re s s in g s  to the b u rn s , 
c a th e te r iz e d  the  p a tien t (because of u r in a ry  re ten tio n ), in jec ted  te tan u s  
a n tise ru m , cam phor, caffeine, pantopon, p en ic illin  (a to ta l of 800,000 IU) 
and s tre p to m y c in  (500,000 un its).

D eco m p ressio n  w as com pleted  a t 5:50 a. m . on 22 N ovem ber; the 
p a tien t w as brought out of the ch am b er and sen t to  the ho sp ita l.

The p a tie n t 's  condition  w as se r io u s . The p u lse  r a te  was 100, and the 
pu lse  w as rh y th m ica l. The h e a r t  sounds w ere  co n sid e rab ly  m uffled .
T here  w ere  a la rg e  nu m b er of d ry  and m o is t r a le s  in the lungs; th e re  was 
co n stipa tion  and u r in a ry  re ten tio n .

T here  w as a seco n d —th ird  deg ree  burn  of 15 X 18 cm on the sk in  of the 
le f t buttock; in the sc a p u la r  reg io n s  second d eg ree  b u rn s of 7 X 12 cm 
and 2 X 5  cm . The to ta l a r e a  of the b u rn s  w as 350 sq. cm  (5% of the body 
su rfa c e ) . On the sk in  of the r ig h t buttock th e re  w as a f i r s t  d eg ree  burn, 
1 0 X 5  cm , with uneven edges.

N euro log ica l s ta tu s . The p a tien t w as consc ious, and show ed no 
speech  d is o rd e r . A n o n p e rs is te n t h o rizo n ta l nystagm us w as found. The 
functions of the o th e r c ra n ia l  n e rv e s  w ere  in tac t. The u p p er e x tre m itie s  
showed no s ig n s of p a re s is .  R eflexes in the up p er e x tre m itie s  w ere 
liv e ly  and equal on both s id e s . All typ es of sen sa tio n  w ere  red u ced  in the
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r ig h t upper e x tre m ity  in the a re a  of seg m en ts  C 7 —Cg The abdom inal 
reflexes, w ere m ark ed ly  reduced; it was p o ss ib le  to e lic it  only the upper 
abdom inal re f le x e s . The pa tien t showed an in tense  p a ra p a re s is  of the 
low er ex tre m itie s ; only very  s ligh t m ovem ents of the to es  and ankle jo in t 
on the le ft w ere  p o ss ib le . On a ttem p tin g  to m ove the o th e r jo in ts , a 
b a re ly  no ticeab le  co n trac tio n  of the m u scu la tu re  of the low er e x tre m itie s  
w as observ ed . The tone of the low er e x tre m itie s  was reduced , p a r tic u la r ly  
on the rig h t. The knee and ankle re f le x e s  w ere absen t. T h ere  w ere b ila te ra l  
B abinski signs and an Oppenheim  sign on the rig h t, and hypalgesia  down­
w ard f rum the D g—Dg lev e ls  on both s id e s , which g radually  changed to 
an a lg es ia  in the low er seg m en ts . A d is o rd e r  of hea t sen sa tio n  a lso  ex isted  
in the sam e a re a . Touch, tw o -p o in t touch and p ro p rio cep tiv e  sen sa tio n  
w ere  in tact.

T h ere fo re , the h is to ry  of the s ick n ess  and the ob jective find ings a f te r  
com pletion  of th e rap eu tic  re c o m p re ss io n  p e rm itte d  the d iagnosis of a 
s e v e re  form  of deco m p ressio n  s ick n ess  with involvem ent of the sp inal 
co rd  (the m ain  focus was at the D g —Dg level, and th e re  w ere sc a tte re d  
foci in the upper th o rac ic  and c e rv ic a l segm en ts), co m plica ted  by b ila te ra l  
bronchopneum onia and seco n d —th ird  deg ree  skin  b u rn s. The p o ss ib ility  
tha t th e re  w ere  sm a ll pu lm onary  in fa rc ts  w as not ru led  out.

What caused  the s e v e re  i l ln e s s  in d iv e r A. ? A study of h is  diving and 
m ed ica l re c o rd s  showed tha t th e re  had been no v io la tions of the d e c o m p re s ­
sion rou tine  a f te r  the d iv e r had been in the ch am b er at a "depth" of 60 m. 
This is  a lso  ev idenced by the absence of d iso rd e r  in the o th e r two d iv e rs  
who had been in the ch am b er with the patien t. T h e re fo re , the re a so n s  fo r 
the o c c u rre n ce  of ca isso n  s ick n ess  during  the d eco m p ress io n  m u st be 
connected the individual c h a ra c te r is t ic s  of the pa tien t o r  with the random  
loca liza tio n  of gas bubbles in the sp inal co rd .

D uring 1959, D iver A. had p a r tic ip a ted  constan tly  in diving o p era tio n s , 
although th ese  w ere in shallow  w ate r (the g re a te s t  depth had been 31 m), and 
had spent 143 h o u rs  in diving p ra c tic e . T h ere fo re , it w as h a rd ly  log ical 
to co n sid e r tha t the p red isp o s itio n  of d iv e r A. to d eco m p ressio n  s ick n ess  
was re la te d  to h is  in su ffic ien t tra in in g  fo r  being under h ig h er p re s s u re .  
Undoubtedly the delayed  o n se t of th e rap eu tic  re c o m p re ss io n  (a fte r  55 min) 
con tribu ted  to the developm ent of the s e v e re  fo rm  of the s ick n ess; th e r e ­
fo re , subsequent p ro p e r  tre a tm e n t could no longer a s s u re  the d iv e r 's  
com plete  cu re .

As lias been m entioned, the condition  of the pa tien t upon h o sp ita liza tio n  
was se r io u s . The fac t tha t in t ra n s v e rs e  le s io n s  of the sp inal co rd  
tro p h ic  d is o rd e rs  of the skin o ccu r, indolent decubiti ap p ear, and tha t 
infection  of them  can cause  s e p s is  w as w o rriso m e . The second danger 
fo r  such p a tien ts  is  constitu ted  by u r in a ry  t r a c t  com plica tions, because 
pyogenic in fections can develop in connection with u r in a ry  d is o rd e rs  and 
the  need fo r freq u en t c a th e te riza tio n .

In th is  ca se  p ro g n o sis  w as m ade w orse by the fac t th a t involvem ent of 
the sp inal co rd  was com bined with a d ise a se  of the lungs (bronchopneum onia) 
and b u rns (undoubtedly in fected). Only com prehensive  and v igorous 
tre a tm e n t fo r  a long p e rio d  led  to the e lim ination  of the com plica tio n s and 
co n sid e rab le  re c o v e ry  of the lo ss  of sp inal co rd  functions. Beginning with 
the f i r s t  day, an tib io tic s  w ere  p re s c r ib e d  fo r  the pa tien t (penicillin  and 
strep tom ycin ); he w as given c a rd ia c  agen ts (cam phor, co ram ine  and
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caffeine); V itam ins C, B j, and B 1 2 , s try ch n in e , p ro s tig m in e , and 
ca lc iu m  gluconate, a s  w ell a s  blood tran sfu s io n , and infusion of p h y sio lo g i­
ca l sa lin e  so lu tion .

On 29 N ovem ber the p a tien t developed m ild  active m ovem en ts in a ll the 
jo in ts  of both low er e x tre m itie s . The next day he developed an a lle rg ic  
re a c tio n  with p ronounced  u r t ic a r ia ,  edem a, and sw elling  of the jo in ts .
D iver A. s t i l l  h as  u r t ic a r ia  a t tim e s , but it  h as  o c c u rre d  in a m ild e r  fo rm . 
We want to  draw  a tten tion  to  th is  c h a ra c te r is t ic  of the  p a tien t, which, we 
b e lieve , p layed  a p a r t  in the p a th o g en esis  of the  d eco m p ress io n  s ic k n e ss  
which developed. P e n ic illin  and s trep to m y c in e  w ere  stopped, and t e t r a ­
cycline , benad ry l and ca lc ium  c h lo rid e  w ere  p re s c r ib e d . On 3 D ecem ber 
th e  u r t ic a r ia  d isap p eared .

On 4 D ecem ber m a ssa g e  and p a ss iv e  g y m n astic s  fo r  the lo w er 
e x tre m itie s  w ere  p re s c r ib e d . On 8 D ecem ber a n ec re to m y  of the burn  
su rfa c e  w as p e rfo rm e d  in the a r e a  of the le ft buttock.

On 16 D ecem ber the  p a tie n t 's  condition  d e te r io ra te d . The te m p e ra tu re  
w as 38.3°. A r ig h t-s id e d  bronchopneum onia w as d iagnosed . S ulfath iazo le  
and s trep to m y c in  w ere  again p re s c r ib e d . By 6 Ja n u a ry  the in filtra tio n  
of the r ig h t lung had d isap p eared , judging by the X - ra y  film , and the 
fe v e r  had becom e low - g rade .

By 19 Ja n u a ry  the range  of ac tive  m ovem ent in the low er e x tre m itie s  
had in c re a se d  to  such a deg ree  th a t the p a tien t w as p e rm itte d  to  get out of 
bed th re e  t im e s  a day and to  take  s e v e ra l s te p s  n e a r  the bed.

On 27 Ja n u a ry  s trep to m y c in  w as stopped; the next day an a lle rg ic  
re a c tio n  r e c u r r e d  with u r t ic a r ia  and e levation  of the te m p e ra tu re  to  39.0; 
by 3 F e b ru a ry  m u ltip le  itch ing  h iv es  ap p eared , and the p a tien t could not 
u rin a te  because  of edem a of the p rep u ce . C a th e te riza tio n  w as p e rfo rm e d  
and ca lc ium  ch lo rid e  and benadry l w ere  given follow ed by p red n iso lo n e  
and ca lc ium  ch lo rid e .

On 4 F e b ru a ry  the u r t ic a r ia  d isap p eared  but on the next day the p a tien t 
developed a  ch ill and in the evening had a te m p e ra tu re  of 40.5°. He 
p a sse d  a la rg e  quantity  of bloody u rin e . A d iagn o sis  w as m ade of cy s to -  
p y e litis  and a sep tic  s ta te . A Staphylococcus a lbus in se n s itiv e  to  pen ic illin , 
au reom ycin , levom ycetin  [laevo- ro ta ry  ch lo ram phen ico l] and s trep to m y c in  
w as iso la te d . On cy stoscopy  s igns of acute h em o rrh ag ic  c y s t i t is  w ere  found. 
A second c o u rse  of te tra c y c lin e  tre a tm e n t w as begun (200,000 u n its  fo u r 
t im e s  a day).

On 25 F e b ru a ry  1960 the p a tien t w as tr a n s f e r r e d  to  the C lin ic  of N ervous 
D ise a se s  of the M ilita ry  M edical O rd e r  of Lenin A cadem y im . K irov.

The follow ing is  the a b s tra c t of h is  ca se  h is to ry . No. 1402/727 (clin ic).
N euro log ica l exam ination : pup ils  re g u la r , re a c tio n  no rm al; m ild  

nystagm oid  je r k s  of the ey eb a lls  on ex trem e  deviation; the o th e r  c ra n ia l 
n e rv e s  w ere  n o rm al.

U pper e x tre m itie s  show ed no s igns of p a re s is ;  the abdom inal re f le x e s  
could not be e lic ited . The knee and ankle je rk s  w ere  v e ry  ac tiv e , m o re  
on the r ig h t side; ankle and p a te l la r  clonus w as found. M uscle tone in the 
low er e x tre m itie s  w as in c re a se d . P o s itiv e  B abinski, B ekh terev ,
R osso lim o , Z hukovskii, O ppenheim  and G ordon s ig n s w ere  o b se rv ed  on 
both s id e s . A ctive m ovem ents w ere  m ade sa tis fa c to r ily  in a ll jo in ts  of the 
low er e x tre m itie s  but they  w ere  weak; d o rsiflex io n  of the fe e t w as 
p a r t ic u la r ly  d ifficu lt. The extended low er e x tre m itie s  could be ra is e d  
above the bed at an angle of 45°. The p a tien t could walk if he held  on to 
n ea rb y  o b jec ts .
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T here  w as an a lg es ia  and te m p e ra tu re  an e s th e s ia  of the fee t and legs 
(as high a s  the knee jo in ts) and a reduction  of the sam e types of sensa tion  
on the th ighs. P ro p rio cep tio n  and touch sen sa tio n  w ere  in tac t. P e lv ic  
functions: p e rio d ic  u r in a ry  incontinence with s ig n s of c y s ti t is  and 
constipa tion .

The h e a r t  b o rd e rs  w ere w ithin n o rm al lim its  on p e rcu ss io n ; h e a r t  
sounds w ere pure ; pu lse  w as 88 p e r  m in; blood p re s s u re  120/80 m m .
The b rea th in g  sounds in the lungs w ere  v e s ic u la r . The abdom en was soft 
and ten d e r in the gall b lad d er reg ion .

On the left buttock th e re  w as a c lean  g ranu la ting  wound 9 X 8  cm in 
s iz e . In the a re a  of the g re a te r  tro c h a n te r  on the rig h t th e re  was a 
decubitus of 3 X 4 cm with n e c ro s is  of the skin . Som ewhat above it  th e re  
was a sm a ll f re s h  decub its. 1 X 1  cm .

The p a tien t was tre a te d  in the clin ic  from  26 F e b ru a ry  through 1 Ju ly .
In th is  tim e  h is  condition im proved  co n sid erab ly . B efore  d isch arg e  he 
walked about f re e ly  w ithout a cane and clim bed  th re e  f lig h ts  of s ta i r s  by 
h im self; h is  u rin a tio n  had becom e n o rm al and he w as not tro u b led  by 
constipa tion . The decubiti and b u rn s healed . The s igns of c y s ti t is  w ere 
e lim inated .

D uring h is  stay  in the c lin ic  the pa tien t w as given v a ried  d rug  tre a tm e n t, 
including an tib io tic s , ny sta tin  (because of aphthous s to m a titis ) , v itam ins, 
in jec tions of aloe, p ro tigm ine , d ibazole, and o th e rs , as well as m assag e  
and th e rap eu tic  gym n astics  fo r  the low er e x tre m itie s .

He w as d isch arg ed  on 1 Ju ly  with m ild  re s id u a l s igns of a sp a s tic  
p a ra p a re s is  of the low er e x tre m itie s  and reduced  sen sa tio n  on the sk in  of 
the low er e x tre m itie s . The in te rn a l o rg an s  showed no patho log ica l fe a tu re s ; 
blood and u rin e  an a ly se s  w ere n o rm al. The p a tien t went to the san a to riu m  
by h im se lf fo r  fu r th e r  tre a tm e n t.

In conclusion  we should like to dwell once again  on a c h a ra c te r is t ic  
fea tu re  of the c a se  d esc rib ed : the p a tien t w as p red isp o se d  to  a lle rg ic  
reac tio n s  from  v a rio u s  c a u se s , e x p re sse d  in u r t ic a r ia ,  m ild  edem a, and 
jo in t pa ins. The o c c u rre n ce  and se v e rity  of the d eco m p ress io n  s ic k n e ss  
in d iv e r A. (while h is  two c o m rad es  rem ain ed  well under the sam e 
conditions) a re  ap p aren tly  explained not only by a ir  em bolism  of the sp inal 
co rd  but a lso  by the ap p earan ce  of ex tensive  edem a acco rd in g  to the 
m echan ism  of an a lle rg ic  reac tio n . The com bination  of th e se  pathogenetic 
fa c to rs  w ere re sp o n sib le  fo r  the high deg ree  of sp in a l co rd  involvem ent 
in the i r i t ia l  period , which was agg rava ted  by the la te  o n se t of th e rap eu tic  
rec o m p re ss io n . E lim ination  of the re a c tiv e  edem a led  to a v e ry  g re a t 
re c o v e ry  of the spinal functions. We have not seen  such a defin ite  re c o v e ry  
from  the d is o rd e rs  in c a s e s  of "p u re"  a i r  em bolism  of the sp inal co rd  in 
d eco m p ressio n  s ick n ess . The re la tiv e ly  fav o rab le  outcom e of the s ick n ess  
p e rm its  u s  to believe th a t in th is  c a se  the sp inal co rd  involvem ent was 
cau sed  not only by foci o r  n e c ro s is  but a lso  by the edem a and o th e r 
re v e rs ib le  vasom otor d iso rd e rs .

On the b a s is  of the e tio lo g ica l an a ly s is  of th is  ca se , we would c a ll the 
a tten tion  of physic ian s se lec tin g  cand ida tes fo r  diving w ork and o b se rv in g  
th e ir  s ta te  of health  to the need fo r  a ca re fu l study of the au tonom ic- 
v aso m o to r functions, and, p a r tic u la r ly , the detection  of p e rso n s  with a 
tendency tow ard  v aso m o to r- a lle rg ic  reac tio n s .
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G. L . Z a l 'tsm a n , I. D. Z inov 'eva, and S. D. K um anichkin

INCREASED INDIVIDUAL PREDISPOSITION OF A SU B JEC T TO THE 
E F F E C T  OF HIGH PA RTIA L OXYGEN PRESSURE

(O povyshennoi ind iv idua l'no i p red ra sp o lo zh en n o sti ispy tuem ogo k 
deistv iyu  vysokikh p a r ts ia l 'n y k h  davlen ii k ia lo roda)

A s is  w ell known, one of the s ig n s of the tox ic  e ffec t of in c re a se d  oxygen 
p r e s s u r e  m ay be co n cen tric  c o n s tr ic tio n  of p e r ip h e ra l v isu a l f ie ld s , u su a lly  
re g a rd e d  a s  the r e s u l t  of spasm  of the re tin a l v e s se ls . H ow ever, th is  
d iso rd e r  w as noted only a f te r  the pro longed  effect of high p a r t ia l  oxygen 
p re s s u re .  Thus, Behnke, F o rb e s  and M otley (1936) d e sc r ib e d  such c o n s tr ic ­
tion  in su b je c ts  a f te r  a th re e -  hour s tay  under a p r e s s u re  of 3 atm  of p u re  
oxygen.

U nder the influence of low er oxygen p r e s s u r e s  u sed  fo r  o rd in a ry  diving 
work, such  a  d is o rd e r  has not been d esc rib ed . In 1959, we m ade a sp e c ia l 
m e a su re m e n t of p e r ip h e ra l v isu a l f ie ld s  of 10 d iv e rs  b efo re  and a f te r  
d escen t to  d iffe ren t depths in a re c o m p re ss io n  ch am b er. U sing a p e r im e te r  
and the g en e ra lly  accep ted  m ethod, no pronounced changes in the p e r ip h e ra l 
v ision  w ere  found.

In only one su b jec t was it  p o ss ib le  to o b se rv e  a co n s id e ra b le  co n cen tric  
c o n s tr ic tio n  of p e r ip h e ra l v isu a l f ie ld s . In 1954, N. T. K oval' and V. V.
Sm olin had noted a b r ie f  lo ss  of v ision  in th is  su b jec t a f te r  a dive to  100 m 
u n d er m a rin e  cond itions. H ow ever, no sp ec ia l study w as m ade. In 
subsequen t y e a r s  the d iv e r p a r tic ip a te d  in d ives to depths of up to  100 m 
and did not no tice  any pronounced  v isu a l d is o rd e rs . He was not p e rm itte d  
to p a r tic ip a te  in d ives in which high p a r t ia l  oxygen p r e s s u r e s  w ere  used  
fo r  a long tim e .

In the c a se  being d e sc r ib e d  the d iv e r p a r tic ip a te d  in a "d escen t"  in a 
d ry  p r e s s u r e  ch am b er with a m axim um  p re s s u re  of 120 m H2O. He 
rem a in e d  at th is  p r e s s u r e  fo r  30 m in  with subsequen t lo n g - te rm  decom ­
p re s s io n  fo r  5 h r s  and 38 m in. D uring the p e rio d  spent un d er m axim um  
p r e s s u r e  and in the in itia l stage  of d eco m p ress io n  to the 60 m lev e l, the 
d iv e r b rea th ed  an en rich ed  a i r -h e l im  m ix tu re  (13% oxygen, 25% n itrogen , 
62% helium ) and then a ir ; beginning with a 20 m stop, p u re  oxygen. A 
b a ro g ram  of p a r t ia l  oxygen p r e s s u r e s  du ring  the  d escen t is  shown in 
F ig u re  1, I. At the 14 m level, 57 m in a f te r  sw itch ing  o v e r to  b rea th in g  
pure* oxygen, the d iv e r had a " sc re e n e d  sh roud" b e fo re-h is  eyes, p a r t ic u la r ­
ly  the rig h t. With fu r th e r  reduc tion  of the p r e s s u re  th is  sen sa tio n  
d e c re a sed  som ew hat; how ever, it  rem a in ed  even a fte r  the conclusion  of the 
d eco m p ress io n . T h ree  m in u tes  a fte r  em erg in g  fro m  the ch am b er the 
d iv e r was exam ined  with the use  of a p e r im e te r . A co n sid e rab le  co n cen tric

287



c o n s tr ic tio n  of the p e r ip h e ra l v isu a l fie ld  was found, from  which the 
p a tie n t re c o v e re d  a lm o st com ple te ly  a f te r  40 m in (F igu re  2, I).

1 ■ - ■ * ‘ ‘ -  1 1 - t  _  1 »

0 i 2 3 <+ 5 6 7 8 9
Time ( in hrs)

FIGURE 1. Barogram of partial oxygen pressures in the deepwater diving routines used

[—routine of 120 m for 30 min of continuous oxygen decompression; II —routine of 140 m for 
30 min o f oxygen decompression, with three intervals using air. The arrow designates the 
time of occurrence of the subjective visual changes.

As ex p e rim en ta l da ta  on an im als  show (L em b ertsen , 1955), an 
effective m ethod  fo r  reducing  the toxic e ffec t of oxygen is  to c re a te  in te r ­
v a ls  in which a ir  is  u sed  during  the b rea th in g  of p u re  oxygen u n d er p r e s s u re .  
T hese " a ir  in te r ru p tio n s"  of the oxygen phase of d eco m p ress io n  began to be 
used  in diving p ra c tic e  a lso , on the suggestion  of Z. S. G usinsk ii and 
V. V. Smolin. In th is  connection , it was in te re s tin g  to check the e ffec tiv e ­
n e ss  of " a ir  in te rru p tio n s"  in the oxygen phase of d eco m p ress io n  of the 
sam e d iver.

A d escen t was c a r r ie d  out in a p re s s u re  ch am b er with a 30 m inu te  stay  
un d er the m axim um  p re s s u re  of 140 m H2O and subsequen t d eco m p ressio n  
fo r  8 h r s  and 18 m in. D uring the perio d  under m axim um  p re s s u re  and in 
the in itia l stage  of d eco m p ress io n  to the 60 m stop, the d iv e r b rea th ed  a 
h e liu m -o x y g en  m ix tu re  (8.5% oxygen), then a ir , and, beginning with the 
20 m stop, p u re  oxygen. D uring oxygen d eco m p ress io n  3 " a ir  in te rru p tio n s"  
w ere  m ade, 14 m in each. A b a ro g ram  of the p a r t ia l  oxygen p r e s s u r e s  is 
sho w : on F igu re  1, II.

D uring  the co u rse  of d eco m p ress io n  at the 10 m stop 2 h r s  and 9 m in 
a fte r  sw itching o v e r to b rea th in g  oxygen, the d iv e r a lso  developed a s e n s a ­
tion  of a "sm all s c re e n e d  shroud" before  h is  rig h t eye, which was 
m ain ta ined  during  the e n tire  subsequen t d eco m p ressio n . T h ree  m inu tes 
a f te r  em erg in g  from  the ch am b er the d iv e r was exam ined  with the u se  of 
a per im e te r . A co n cen tric  c o n s tr ic tio n  of the p e r ip h e ra l v isua l fie ld  of the 
rig h t eye was found (F ig u re  2, II). A fter 50 m in h is  v ision  w as re c o v e red  
com pletely .
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FIGURE 2. Results of determination of peripheral visual field of a diver before and after a 
"deep-water" dive in a dry pressure chamber

I —with ordinary oxygen decompression; II—with oxygen decompression and three intervals 
with air.

On co m p ariso n  with p rev io u s  s tu d ies , c o n s tr ic tio n  of the p e r ip h e ra l 
v isu a l f ie ld s  ap p eared  in  only one eye and w as m uch le s s  pronounced; 
it  d isap p ea red  com plete ly , desp ite  the long p e rio d  of oxygen d eco m p ress io n  
(210 in s tead  of 190 m in). It should be noted th a t sub jec tive  se n sa tio n s  
ap p eared  in the la s t  d escen t to a l e s s e r  d eg ree  and a t la te r  p e r io d s  sifter 
sw itch ing  o v e r to b rea th in g  oxygen (a fte r 129 in stead  of 57 m in).

C onclusions

1. P e rs o n s  with g r e a te r  individual p red isp o s itio n  to the action  of high 
oxygen p r e s s u r e s  m ay be en coun tered  am ong d iv e rs . This in d ica te s  the 
need  fo r  w orking out the m ethod  fo r  m ak ing  a specific  m ed ica l se lec tio n
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of the d iv e rs . One of th ese  m ethods m ay be the d e te rm in a tio n  of the 
p e r ip h e ra l v isu a l fie ld s  a f te r  the u se  of in c re a se d  oxygen p re s s u re s .

2. The case  p re se n te d  show ed the expediency of u sing  " a ir  in te rru p tio n s"  
during  oxygen d eco m p ress io n  with the aim  of red u c in g  the toxic e ffec t of 
oxygei.
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