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INTRODUCTION.

The immediate human problems o f h igh  speed f l i g h t  are  

a c c e le r a t io n , environm ental tem perature and mental s t r e s s .  

A ll occur to  some ex ten t in  every s o r t ie ,  t h e ir  r e la t iv e  

importance depending on the f l i g h t  p a ttern . In order to  

p red ic t  the human l im ita t io n s  i t  i s  n ecessary  to  determ ine 

man’ s to ler a n c e  to  th ese  s t r e s s e s  and to  examine any o th er  

fa c to r s  which may in flu e n c e  t h e ir  e f f e c t .

T his t h e s is  p resen ts  the r e s u lt s  o f  a number of 

experim ents designed  to  examine human to lera n ce  to  p o s it iv e  

a c c e le r a t io n . This type o f  a c c e le r a t io n , which w i l l  be 

more c lo s e ly  d efin ed  in  th e fo llo w in g  paragraphs, may be 

considered  as th a t which produces a fo rce  a c t in g  from th e  

head to  the f e e t ,  i . e .  an in cr ea se  in  g r a v ita t io n a l fo r c e .

The sim p lest su b je c t iv e  example i s  th e  im pression  o f  

in crea sed  weight which i s  f e l t  when ascending in  an express  

l i f t .  The la t t e r  part o f t h is  t h e s is  i s  th e  r e s u lt s  o f  

s tu d ie s  on th e in f lu e n c e  o f o ther p h y s io lo g ic a l fa c to r s  which 

commonly occur in  f l i g h t  on human to lera n ce  to  in creased  

g r a v ita t io n a l fo r c e . These fa c to r s  are h ea t, hypoglycaem ia, 

h y p e r v e n tila tio n , b reath in g  pure oxygen, th e a f t e r  e f f e c t s  

o f  a lco h o l and the degree o f  f i l l i n g  o f the stomach. I t  i s  

ap p recia ted  th at most o f the experim en ts  performed deserve  

f u l l e r  exam ination  and that many other p h y s io lo g ic a l  

parameters requ ire to  be measured. This work however was of  

an a p p lied  nature and the requ irem en t m s  fo r  an urgent



survey o f the whole prohlen  ra th er than a d e ta ile d  a n a ly s is  

of any one f a c e t .

Force i s  d efin ed  by Newton's f i r s t  law as th a t which 

m o d ifie s , or tends to  m odify, e i th e r  the s ta te  of r e s t  o f  a 

body or i t s  uniform motion in  a s tr a ig h t  l i n e .  Newton's 

second law provides th e  fundamental b a s is  fo r  the  

measurement o f  fo rce  and, when the u n its  o f measurement have 

been su ita b ly  chosen, may be reduced to  the equation;

F = m a ( l )

where a i s  th e  a c c e le r a t io n  produced in  a body o f mass m 

by th e  a c tio n  o f a fo rce  F.

This equation  can be a p p lied  to  c a lc u la te  not only the  

fo r c e s  producing lin e a r  a c c e le r a t io n s , but a ls o  th e fo r c e s  

in vo lv ed  when a body i s  made to  tra v er se  a curved path .

Here, the d ir e c t io n  o f motion i s  being- changed c o n tin u a lly , and, 

by Newton's f i r s t  law , a fo rce  i s  required to  do t h i s .  When 

a body tra v er ses  a curve, radius r , w ith v e lo c ity  v , i t  can 

be shown th at the continuous change o f d ir e c t io n  i s  

eq u iva lent to  an a c c e le r a t io n  o f amount v ^ /r  (c a lle d  th e  

c e n tr ip e ta l a c c e le r a tio n )  d ire c ted  towards the cen tre o f the  

curve; i . e .  perpendicu lar to  th e  d ir e c t io n  of motion a t any 

p a r tic u la r  in s ta n t .  Hence the force  required to  provide  

such an a c c e le r a tio n  for a body o f  mass m i s  m v ^ /r . This 

fo rce  a c ts  in  th e  same d ir e c t io n  as the a c c e le r a tio n  (towards 

the cu rve's  cen tre) and i s  c a lle d  the c e n tr ip e ta l fo r c e .



The e ffec t o f in e r t ia  i s  to  in troduce a fo rce  e x a c tly  

equal in  magnitude, but op p o site  in  d ir e c t io n , to  the  

c e n tr ip e ta l fo r c e . T his opposing fo r c e , c a l le d  the  

c e n tr ifu g a l fo r c e , would cause th e  body to  f l y  o f f  at a 

tangent to  i t s  curved path i f  th e  c e n tr ip e ta l fo r c e  were to  

be suddenly e lim in a ted . I t  i s  t h i s  c e n tr ifu g a l fo rce  which 

i s  o f importance in  f l i g h t .

Forces due to  a c c e le r a t io n , whether l in e a r  or c e n tr ip e ta l ,  

can never act in  is o la t io n  except in  the h y p o th e tica l case  

of an ob ject removed to  an i n f in i t e  d ista n ce  from a l l  o th er  

m atter. In p r a c t ic e ,  whatever o th er fo r c e s  th ere  may be, the  

fo rce  o f  gra v ity  i s  always p resen t.

The q u a n tita t iv e  b a s is  o f Newton’s work on g r a v ita t io n a l  

a t tr a c t io n  was h is  assum ption th a t ’’every p a r t ic le  o f m atter  

in  th e  u n iverse a t tr a c t s  every o th er  p a r t ic le  w ith a fo rce  

in v e r se ly  proportional to  the square o f  th e  d is ta n ce  between 

the two p a r t ic l e s ” . He a ls o  showed th a t a sphere o f uniform  

d en s ity  a c ts  on an ex tern a l body as i f  a l l  i t s  mass were 

concentrated  at i t s  c en tre . For the g r a v ita t io n a l fo r c e , W, 

between the earth , mass M, and a com paratively sm all body, 

mass m, d is ta n t R from i t s  cen tre , Newton’ s law o f a t tr a c t io n  

g iv e s  the equation

W = G Mm (2)
R2

where G i s  th e 'con stan t g r a v ita t io n ';  when the other  

q u a n tit ie s  are measured in  e . g . s .  u n its  ( i . e .  M and m in  g . ,



R in  cm. and w in  d yn es), G = 6 ,670 x 10“®. The fo rce  w ith  

which any body i s  a ttr a c te d  by g ra v ity  towards the e a r th 's  

cen tre  i s  d efin ed  as th e weight of th a t body. Equation (2 ) ,  

th u s, g ives the w eight o f a body o f mass m, s itu a te d  a t the  

e a r th 's  su r fa ce , in  terms o f the e a r th 's  radius and mass.

I t  has been e s ta b lish e d  th a t , i f  the e f f e c t s  o f o th er  

fo r c e s  such as a ir  r e s is ta n c e  can be excluded, a l l  bod ies f a l l  

to  the ground w ith the same a c c e le r a t io n , ir r e s p e c t iv e  o f 

t h e ir  mass. Thus i t  has been demonstrated th at a very l ig h t  

body and a heavy one f a l l  with th e  same a c c e le r a t io n  when the  

experiment i s  done in  vacuo: This a c c e le r a t io n  fo r  fr e e  f a l l

i s  a c h a r a c te r is t ic  o f th e  lo c a l i t y  at which i t  i s  measured.

I t  i s  c a lle d  th e  'a c c e le r a t io n  due to g r a v ity ’ and i s  

represented  by th e  symbol g .  The conventional va lu e o f  

32 .2  f t . / s e c . 2 i s  s u f f i c ie n t ly  accurate fo r  normal u se . By 

Newton's second law o f motion (equation  ( l ) )  th e  weight w o f  

a body o f mass m may be expressed  in  terms o f g  a s:

W = mg.

Since g  i s  a lso  the fo rce  w ith which g ra v ity  a c ts  upon un it 

mass, i t  i s  sometimes referred  to  as th e  ' in t e n s i t y  o f g ra v ity ' 

at a given  p o in t .

I f  one equates the weight o f u n it mass in  terms o f the 

e a r th 's  mass and G (equation  (2 ))  w ith the weight o f un it mass 

in  terms o f g , then at the surface o f the e a r th :-



5.

M
£  = G1 R? (3)

H "being th e  ea r th ’ s ra d iu s. That £  i s  the same fo r  a l l  

"bodies at the same l o c a l i t y ,  i s  th e r e fo r e  dem onstrated to  

"be a consequence o f Newton’ s laws of motion and h is  law of 

u n iv ersa l g r a v ita t io n .

Equation ( 3) i s  approximate to  the ex ten t th a t the  

d is tr ib u t io n  o f the e a r th 's  mass i s  not com pletely  symmetrical 

w ith respect to  i t s  c en tre . A lso the r e la t iv e ly  sm all 

c e n tr ifu g a l fo rce  due to  the e a r th 's  r o ta t io n  has been ignored .

The magnitude o f  t h is  fo rce  depends on la t i t u d e ,  but i t s  

e f f e c t  never reduces true g ra v ity  by more than a few p arts  in  

a thousand.

The main purpose o f th is /d ig r e ss io n  on g ra v ity  has been
1

to  ex p la in  what i t  meant by the term 'weight* in  i t s  usual 

sen se  and by 'a c c e le r a t io n  due to  g r a v ity ' .  A lso  i t  w i l l  be 

c le a r  from equation ( 2) ,  th a t ,  w ith  the range o f a lt i tu d e s  

p o s s ib le  at presen t w ith  manned a ir c r a f t ,  o v e r a ll v a r ia tio n s  

in  the fo rce  o f g ra v ity  due to  change o f d is ta n ce  from the  

9 ' e a r th 's  centre cannot exceed 1 per cent and are th ere fo re  

in s ig n if ic a n t  from a p h y s io lo g ic a l p o in t o f  v iew . For 

example, the error  o f assuming £  to  be th a t at th e ea r th 's  

su rface fo r  an a ir c r a f t  f ly in g  at an a lt i tu d e  of 100 m is. 

would be le s s  than one part in  1300 (Byford 195$)•

By Newton's th ir d  law of m otion, which s ta te s  that a c t io n  

and rea c tio n  are equal and o p p o site , the weight of an ob ject



6.

such as the human body i s  opposed hy an equal and op p o site  

r e a c tiv e  fo rce  exerted  by th e f lo o r ,  c h a ir , or o th er support, 

p reven tin g  motion with a c c e le r a t io n  g_towards th e e a r th 's  

ce n tr e . I t  i s  t h is  r e a c tiv e  force  which produces the  

sen sa tio n  o f w eigh t. Hot on ly  i s  i t  resp o n sib le  fo r  pressure  

on th at part o f the body in  contact with the support, b u t, by 

p reven tin g  m otion, i t  s e t s  up s t r e s s e s  throughout th e  body. 

These s tr e s s e s  a r is e  from the r e s tr a in in g  fo r c e s  exerted  upon 

any p a r t ic le  by i t s  neighbours. In a s o l id  such fo r c e s  are 

e l a s t i c  in  nature; in  a l iq u id  h y d r o s ta tic  p ressu res are  

produced, c a lc u la b le  in  terms of the weight o f  a v e r t ic a l  

column p er  u n it area ( v iz .  pgh, where p i s  th e  l iq u id  d e n s ity ,  

and h i s  th e  h eigh t of th e  column).

Consider now a case in  which the s t r e s s e s  due to  the  

a c tio n  of g rav ity  can be reduced to  an abnormally low l e v e l .  

Imagine a passenger in  a l i f t  that can be g iven  a constant 

downward a c c e le r a t io n , a_ ( le s s  than g ) , fo r  an in d e f in i t e  

p eriod  by means of some d ev ice  which in trod u ces an in cr ea s in g  

downward fo rce  to  balance th e in crea se  o f  a ir  r e s is ta n c e  w ith  

speed. A pplying Hewton's second law o f motion to  the  

passenger, mass m, the r e su lta n t fo rce  a c t in g  upon him must be 

m x a . The two components o f t h is  resu lta n t are th e man's 

w eigh t, mg, a c t in g  downward and th e t o t a l  upward rea c tiv e  

fo r c e , P, exerted  by the f lo o r  on h is  f e e t .  Thus we have the  

eq u ation :-

mg -  P = m a .



The r e a c t iv e  fo rce  i s  m(_g -  a ) ,  th e r e fo r e , and 

although the fo rce  with, which g ra v ity  a c ts  on the man 

( i . e .  h is  tru e  w eight) i s  s t i l l  mg, he i s  now l i v in g  under 

co n d itio n s  corresponding to  an a c c e le r a t io n  due to  

gra v ity  o f on ly  (jg -  a ) .  He l i f t s  w eights more e a s i ly ,  

s t r e s s e s  on h is  body are reduced, and a l l  h y d r o sta tic  

p ressu res  are reduced. P h y s io lo g ic a lly ,  in  f a c t ,  th e  e f f e c t  

i s  th e  same as i f  he had been tra n sferred  to  a sm aller  

p la n et ex er tin g  a sm aller  fo rce  o f g ra v ity  of in t e n s ity  

(j£ -  a ) ,  and the fo r c e  m (g: -  a) w i l l  be c a l le d  h is  

’e f f e c t iv e  w eig h t1 under th ese  c o n d itio n s .

I t  i s  th ere fo re  convenient to  use the in te n s ity  o f th e  

g r a v ita t io n a l f i e l d  which would produce the ' e f f e c t iv e  

weight* as a measure o f the m echanical s t r e s s e s ,  and to use  

_g, the in te n s ity  o f th e g r a v ita t io n a l f i e l d  when the subject 

i s  at r e s t  on the ground, as the u n it o f measurement. For 

example , in  the case o f th e  l i f t  ju st con sid ered , we say  

th at the man i s  su b jected  to  ng, where n i s  a fr a c t io n  equal 

to  (jg -  a )/iL* general the magnitude n can vary from zero

upwards according to the c o n d itio n s .

The d ir e c t io n  o f  the e f f e c t iv e  weight w ith resp ect to  

th e  body i s  o f  p h y s io lo g ic a l importance and by convention the  

_g i s  sa id  to  be p o s it iv e  or n ega tive  r e s p e c t iv e ly , according  

to  whether i t  a c ts  from head to foo t or from fo o t to  head. Thus 

a person standing or s i t t i n g  on the ground would be subjected  

to  + lg ,  but i f  he were suspended head-downwards from a beam he



would be su bjected  to  - l g .

The " e ffe c t iv e "  weight o f an in d iv id u a l (or the number 

of g  to  which he i s  su b jected ) i s  the re su lta n t o f  the  

a c c e le r a t io n  o f th e  sea t or o th er support w ith which he i s  

in  co n ta c t, and the a c c e le r a t io n  due to  g r a v ity . This 

a p p lie s  whether the a c c e le r a t io n  be l in e a r  or c e n tr ip e ta l .

In f l i g h t  both l in e a r  and c e n tr ifu g a l fo r c e s  occur  

commonly, but w ith  the occupants sea ted  in  the normal 

manner th e  former i s  o f l i t t l e  im portance. I t  i s  th e  

c e n tr ifu g a l fo rce  which occurs when th e  a ir c r a f t  i s  turned  

which causes the important p h y s io lo g ic a l changes and t h is  

fo rce  most commonly a c ts  from head to  f e e t ,  when, as has 

been p o in ted  out above, i t  i s  given  a + s ig n  and i s  referred  

to  as p o s it iv e  g .

The f i r s t  part o f the study was devoted to  o b ta in in g  

b a s ic  in fon n ation  on th e  variou s e f f e c t s  of p o s it iv e  

a c c e le r a t io n , and from i t  to  d ev ise  a method o f measuring 

human to lera n ce  which would be s a fe ,  rep ea tab le , accu rate , 

and capable o f being used by a l l  o th er a c c e le r a t io n  

la b o r a to r ie s . The r e s u lt s  o f  th ese  experim ents are contained  

in  part I  o f the t h e s i s .

Part I I  o f th is  t h e s i s  i s  an in v e s t ig a t io n  o f  th e  e f f e c t s  

o f  various o ther s tr e s s e s  on to lera n ce  to  a c c e le r a t io n . There 

i s  an in cr ea sin g  number o f cases o f unconsciousness in  

f l i g h t  occurring in  a l l  a ir  fo rce s  fo r  which no sim ple



exp lan ation  can be found. In the au th or’ s v iew  one p o s s ib le

cause might be a summation of s t r e s s e s  each o f which i s

sublim onal in  i t s e l f .  The experim ents d escr ib ed  in  part I I

were designed  to  t e s t  t h is  hypothesis



CHAPTER I I .

METHODS AMD MATERIALS.

Only the general p r in c ip le s  o f  cen tr ifu g e  tech n iq u es and 

hum$n instrum entation  w i l l  be given in  th is  chapter. The more

d e ta ile d  s p e c i f ic  methods w ill/be d iscu ssed  in  the in d iv id u a l
/

s e c t io n s .

Although i t  i s  p o s s ib le  to  study the e f f e c t s  o f p o s it iv e  

a c c e le r a t io n  in  f l i g h t ,  reproduceable runs are im possib le  to  

ach ieve and f u l l  in stru m en tation  i s  d i f f i c u l t .  To overcome 

th ese  l im ita t io n s  the typ es o f a c c e le r a t io n  encountered in  

f l i g h t  can be reproduced at ground le v e l  by means o f the  

human ce n tr ifu g e . The f i r s t  human cen tr ifu g e  was b u ilt  in  

B e r lin  at the beginning o f the n in eteen th  century -  (P la te  i ) ,  

and was used in  th e treatm ent o f p sy ch o lo g ica l d iso rd ers . 

P a tie n ts  were spun so that they  underwent n ega tive  which must 

have been o f the order o f -4£ •  Most p a t ie n ts  m aintained they  

were much improved and required no fu r th er  treatm en t. The 

r a tio n a le  o f t h is  treatm ent would seem to  be as dubious as our 

modern e lec tr o c o n v u ls iv e  therapy and th e  r e s u lt s  as goodi

The f i r s t  human cen tr ifu g e  to  study a v ia t io n  m edicine was 

b u ilt  at Templehof o u tsid e  B er lin  by von D iringshofen  in  1932. 

This machine by modern standards was a m iniature having a 

radius of only 9 f e e t  and a peak o f 20g. n ev er th e less  i t  

performed i t s  purpose w ell and much va luab le data was derived  

from i t .  At th e beginning o f the Second World War in  1939



Germany had a seven year lead  in  a c c e le r a t io n  s tu d ie s .

A fter  th e  advent o f h o s t i l i t i e s  a number o f ce n tr ifu g e s  were 

con stru cted  in  the Hew World; the f i r s t  was completed in  

Toronto in  1941 and was fo llow ed  rap id ly  by o th ers at Wright 

F ie ld , Ohio, at th e  Mayo C lin ic ,  and at P ensaco la , F lo r id a .

The performances o f th ese  wartime machines are shown in  

ta b le  1 . Four more major cen tr ifu g e s  have been b u i l t  in  

the w estern world s in ce  th e end of the war; th e  U .S. Uaval 

cen tr ifu g e  at J o h n sv ille , P .A ., the Swedish A ir Force 

cen tr ifu g e  at the K arolinska I n s t i t u t e ,  Stockholm, the  

French A ir Force cen tr ifu g e  at B r e tig n ie , and the S .A .F . 

cen tr ifu g e  at the I n s t i tu te  o f A v ia tion  M edicine, Famborough. 

These machines p r o f it  from experience gained on th e e a r l ie r  

versio n s and represent a great advance in  en g in eerin g  s k i l l ;  

the most s ig n if ic a n t  improvements are in  the range o f  

performance a v a ila b le  and the accuracy with which the runs can 

be c o n tr o lle d . The performance f ig u r e s  fo r  th ese  

cen tr ifu g e s  are a lso  shown in  ta b le  1 .



TABLE 1 .

A COMPARISON OF THE PERFORMANCES OF VARIOUS 
______________ HUMAN CENTRIFUGES.

C en tr ifu ge . Maximum Maximum ra te  of
£ •  a p p lic a tio n  o f

a c c e le r a t io n  
_g/sec.

Tempiehof 20 2 .0

Japanese 25 1 .7

Toronto 20 2 .0

Mayo C lin ic 18 2 .0

U n iv ers ity  o f  
Southern C a lifo rn ia 18 2 .0

U .S.A .F .
W rightfield. 20 6 .0

U .S.N . Pensacola 15 2 .0

U .S.N . J o h n sv ille 40 1 0 .0

K arolinska,
Stockholm 30 3 .5

R.A.F. Famhorough 30 4 .0

F.A.A. B retig n ie 15 10



In t h is  study the human c en tr ifu g e  at the R.A.F. 

I n s t i tu t e  o f  A v ia tion  M edicine was used (see  f r o n t is p ie c e ) .

The cen tr ifu g e  c o n s is t s  o f  a 60 f t .  arm carry in g  at 

each end a gondola mounted on gim bals. On r o ta tio n  th e  

gondolas t i l t  so as to  p o s it io n  them selves in  the  

resu lta n t of th e c e n tr ifu g a l and g r a v ita t io n a l  

consequently the su b ject experien ces p o s it iv e  _g. The arm 

i s  driven  by a d ir e c t  drive from a v e r t i c a l ly  mounted 

e l e c t r ic  motor of 2800 H.P. which i s  c o n tr o lle d  

a u tom atica lly  by a cam. The cams are a v a ila b le  in  

fa m il ie s .  Each gondola has f a c i l i t i e s  fo r  f u l l  

instrum entation  having 30 a v a ila b le  channels fo r  e l e c t r ic a l  

record in gs. The s ig n a ls  from th e gondolas are le d  a lon g  

th e  anus to  th e  cen tre s e c t io n  where the lea d s ascend th e  

cen tra l sh a ft in  c o -a x ia l cab les to  the record ing room two 

f lo o r s  above. From the sh a ft the im pulses are le d  out 

through s i lv e r -g r a p h ite  s l ip  rings and mercury troughs to  a 

d is tr ib u t io n  board on which the a m p lif ie r s  and record ing  

apparatus are a lso  represented  thus enab ling  an experiment 

to  be s e t  up e n t ir e ly  on the s in g le  board. (P la te  I I ) .

The cen tr ifu g e  i s  operated from the con tro l room 

(P la te  I I I )  which overlooks the actu a l cen tr ifu g e  chamber. 

Although manual con tro l i s  a v a ila b le  the method o f  choice i s  

th e  use o f  fa m ilie s  o f  programme cams. The v a r ia b le s  in  

a c c e le r a tio n  are peak rate o f  onset o f _g, and duration



of peak jg. The f i r s t  o f th ese  i s  determ ined by th e  t o t a l  

cam drop, that i s , t h e  depth o f  th e  step  o f  th e  cam. The 

ra te  o f  onset i s  c o n tr o lle d  by the ra te  o f  cam drop, i . e .  

the shape of th e cam, and i t s  ra te  o f r o ta t io n . The la t t e r  

i s  presen t on an e l e c t r ic a l  tim er . Thus a separate cam i s  

e s s e n t ia l  fo r  each peak and fo r  vary ing  r a te s  o f  

a p p lic a tio n  one must e ith e r  have d if fe r e n t  cams or a means 

o f r o ta t in g  a given  cam at a la r g e  number o f r a te s .  In fa c t  

a combination i s  u sed . The motor d r iv in g  th e  cam i s  capable  

of fou r speeds, one rev o lu tio n  la s t in g  9 ? 12 , 18 or 30 seconds, 

thus g iv in g  four ra te s  o f a p p lic a t io n  fo r  each cam. Three 

fa m il ie s  o f cams are a v a ila b le ,  th e  f i r s t  a constant tim e 

s e r ie s ,  take 4*5 seconds to  reach peak jg from ^ 2jg when 

ro ta ted  at the 9 second r a te . Thus the ra te  o f a p p lic a tio n  

i s  co n tin u a lly  changing and the rate o f  change v a r ie s  w ith  

th e  peak £ .  The oth er two fa m il ie s  are constant ra te  cams; 

one having a ra te  o f 3 .6  _g/second when ro ta ted  at the 9 second  

r a te , the other a ra te  o f  1 ^ /second  at the 9 second r a te .

A t o t a l  range o f constant rate cams i s  thus a v a ila b le  o f  

3*6, 2.7? 1 .8 , 1 .0 8 , 1 .0 ,  0.75? 0.5? 0*3 ^ /secon d . For 

com pleteness an a u x ilia r y  motor has been con stru cted  g iv in g  a 

rate  o f a p p lica tio n  o f a c c e le r a t io n  o f 0 .1  ^ /secon d . Sample 

jg/time curves fo r  th ese  cams may be seen in  f ig u r e  1 .

Thus fo r  any run the choice of an appropriate cam g ives  

con tro l o f peak and rate o f a p p lica tio n  o f  jg w hile the  

duration  may a lso  be prese: t .  Runs are th erefore  ex a c tly



rep ea ta b le . Normally d ec e le r a tio n  i s  produced by rev e rs in g  

the cam drive thus o b ta in in g  a j^/time p a ttern  which i s  the  

m irror image o f  th e  a c c e le r a t io n .

For a more d e ta ile d  d e sc r ip tio n  o f the R.A.F. 

cen tr ifu g e  see Latham (1955)•

The gondolas are shown in  f ig u r e  2. They c o n s is t  of 

cab ins 9 * x 8 * x 4 1 con stru cted  o f duralumin w ith  perspex  

windows. In each gondola i s  mounted an a d ju sta b le  sea t  

s im ila r  in  design  t ; th ose f i t t e d  in  a ir c r a f t .  The sea t i s  

f i t t e d  w ith head and arm r e s t s  which are a d ju sta b le , as are  

the fo o t  r e s t s .  A standard fou r poin t suspension  s a fe ty  

harness i s  incorporated  in  each s e a t .  The gondola i s  

connected to  th e general intercom m unication system  and i s  so 

arranged th at the microphone i s  " liv e " . Thus whenever the  

su b ject speaks he can be heard throughout th e  cen tr ifu g e  

b u ild in g . An autom atic tape recorder a llow s permanent records 

of th e  conversation  to  be made. The gondolas can be f i t t e d  

w ith most a ir c r a ft  system s such as an oxygen supply, a n t i - g  

s u it  a ir  supply and instrum ent p r e se n ta tio n s . Four b locks  

o f P le sse y  plugs a llow  30 channels o f record ings to  be made.

A c lo sed  c ir c u it  t e le v is io n  i s  a ls o  incorporated  in  one gondola 

as an a d d itio n a l safeguard .

A ccelera tio n  i s  measured by a ' la n -e le c '  v a r ia b le  

inductance accelerom eter mounted on the su b je c t 's  seat at 

heart l e v e l .  S ince the su bject i s  sea ted  in  a sea t the back



o f which i s  raked 20°, and s in ce  at low g le v e l s  th e  

gondola does not each the h o r iz o n ta l, the a p p lied  does 

not act in  th e  lon g  a x is  o f  th e  hody. The resu lta n t  

however can be re so lv e d  in to  two components, one o f  which i s

in  th e  lon g  a x is  o f the body and th e  o th er  o f  sm all

magnitude a c t in g  tr a n sv e r s e ly . The la t t e r  i s  o f  l i t t l e  

p h y s io lo g ic a l in te r e s t  and can be n e g le c te d . The tru e  

p o s it iv e  _£ i s  measured by mounting the acce lerom eter in  the

a x is  o f the s u b je c t 's  body. In th e  gondola th ere  i s  a

g rad ien t, s in ce  the head and fe e t  o f  the su b ject represent 

d if fe r e n t  r a d ii .  By mounting the accelerom eter at heart 

l e v e l ,  which i s  always in  the a x is  of the car gimbals an 

approximate mean i s  obtained from which th e  £  at o th er  

p o s it io n s  can be c a lc u la te d . In a d d itio n  the heart rep resen ts  

th e "centre" o f  the c ir c u la t io n  and inform ation  obtained  

at the heart le v e l  can be tr a n s la te d  most e a s i ly .  The 

output o f  the accelerom eter i s  d isp layed  on an Ediswan pen 

recorder fo r  m onitoring purposes.

The su bject i s  provided w ith an event marker which in  

some experiments can be used to  provide an emergency stop  

mechanism.

Routine human instrum entation  involved  the recording o f  

electrocard iogram s. The lead s ro u tin e ly  used are the  

b ip o la r  lead  I and u n ip olar leads aVF and Vp • On some 

o ccasion s a l l  14 lead s have been used, i . e .  lea d s I ,  I I ,  I I I ,  

aVR, aVP and lea d s V]_-Vg. A ll e lec tro d es  are p laced  in



accordance w ith the recommendations o f  the American 

Heart A sso c ia tio n  and the B r it ish  Cardiac S o c ie ty  ( f i g .  3 ) .  

The in d if fe r e n t  e le c tr o d e  used was th a t d escribed  by 

W ilson e t  ah (1934)* To ob v ia te  muscle a r te fa c ts  and 

a llo w  free  use o f th e  hands the two w rist e le c tr o d e s  were 

rep laced  by d is c  e le c tr o d e s  on the shoulders over the  

acromion. The p o te n t ia ls  measured at the shoulders are 

very l i t t l e  d if fe r e n t  from th ose  found at the w r is ts  

( f i g .  4 ) .  Izi both cases the p o te n t ia ls  are b ein g  recorded  

e s s e n t ia l ly  from the root o f the upper limb and any 

d iffe r e n c e  in  len g th  o f conducting medium i s  o f l i t t l e  

s ig n if ic a n c e  when compared w ith  the sk in  r e s is ta n c e .

Small n o n -p o la r isa b le  s i lv e r  e le c tr o d e s  were attached  

to  the sk in  by "Nobecutane” (Browne 1957). In some 

experim ents i t  was found n ecessary  to  use a 15 e .p . s .  f i l t e r  

to  reduce muscle a r te fa c ts  occurring  during con vu lsion s o f  

the su b je c t. T his causes a s l ig h t  red u ction  in  the  

amplitude o f th e more s te e p ly  r i s in g  p arts o f th e  wave form. 

A tim e constant o f 0 .3  seconds in  the A.C. coupled part o f  

the amplifi^was used throughout.

In some experim ents recordings o f a r te r ia l  blood  

pressure were made. The measurement o f rapid changes 

n e c e ss ita te d  the use o f a d ire c t method. A No. 1 needle was 

in se r te d  in to  the rad ia l artery  at the w r is t . The needle was 

connected to  a capacitance manometer by a short length  o f  

polythene tu b in g . The needle was kept patent by a sa lin e



drip through a need le va lve  in  the in le t  to  the manometer.

For record ing from the manometer i t  was found convenient 

to  use frequency m odulation, th e  c a r r ie r  frequency b ein g  

2 m egacycles. The blood p ressure was m onitored on an 

Ediswan in k -w r it in g  recorder and fo r  more accurate tim e and 

am plitude measurements was recorded p h otograp h ica lly  u s in g  

150 c .p . s .  galvanom eters. I t  must be noted th a t the  

ab so lu te  measurement o f th e  blood p ressure under 

a c c e le r a tio n  i s  extrem ely d i f f i c u l t  due to  the e f f e c t  o f  

on the f lu id  columns in vo lved  and in  a d d itio n  the  

manometers are ^ - s e n s i t iv e .  Readings a t any point are 

th ere fo re  only accu ra te  to  w ith in  about 10$. Since the  

h y d ro sta tic  p ressu res developed are o f importance th e blood  

pressure at eye le v e l  i s  measured by supporting the w rist  

so th at th e  need le i s  a t  eye l e v e l .  Under th ese  co n d itio n s the 

pressure found may be assumed to  be o f  th e  same order as 

th at in  the r e t in a l a r ter y . S im ila r ly  the pressure at  

heart le v e l  i s  determined by supporting the w rist at the  

le v e l  o f the h ea rt. That th ese  con clusion s are j u s t i f ie d  

may be seen by comparing the r e s u lt s  obtained with th ose  

expected on th e o r e t ic a l grounds. Thus blackout occurs when 

the rad ia l artery  pressure i s  20 -  30 mm.Hg. at eye l e v e l .

This corresponds to  the in tra o cu la r  te n s io n  which a c t in g  in  

op p o sitio n  to  the pressure in  the r e t in a l a rtery  causes flow  to  

cease when the two become equal. The flow  ceases in  the  

r e t in a l artery  when blackout occurs as has been shown by



Duane (1953)» wbo examined th e fundi during (see  p la te  7 ) .

Records o f r e sp ir a t io n  were obtained  during  

sev era l s e t s  o f experim ents. The e f f e c t s  o f £  preclude any 

d ev ice  such as a mercury f i l l e d  s tr a in  gauge and in  any case  

the ch est could not be used because o f  th e  b a ttery  o f 

E.C.G. e le c tr o d e s . Two system s were used . When the su b jec t  

was breath ing through a face mask a pressure tapping was 

made in  the la t e r a l  w all o f th e  mask and connected to  a 

Statham 'pressure transducer from which pressure d i f f e r e n t ia ls  

due to  in sp ir a t io n  and ex p ir a tio n  were recorded as a low 

frequency wave form on the pen recorder. From th ese  records 

resp ira to ry  rate and a rough measure o f amplitude could be 

ob ta in ed . When a mask was not b ein g  worn r e sp ir a tio n  was 

recorded from a thermocouple p laced  in  one n o s t r i l .  Changes 

in  therm al e .m .f .  due to  r e sp ir a tio n  were recorded as a low  

frequency wave form in  a s im ila r  manner to  the E.C.G.

This record ing more c lo s e ly  resembled a square wave. The 

s te e p ly  r is in g  part o f the wave form was used as a s ig n a l to  

t r ig g e r  manually a C.R.O. when record ing  vectorcardiogram s; 

th e d e ta ils  o f t h i s  technique are described  in  appendix I .

Some form of y a rd stick  i s  n ecessary  to compare the  

to lera n ce  o f d if fe r e n t  su b jec ts  to  a c c e le r a t io n . The most 

common method i s  to  measure the le v e l  o f j£ at which v is io n  

i s  impaired or l o s t .  The f ig u r e  obtained i s  c a lle d  th e g  

th resh o ld . In experim ents in  which other s tr e s s e s  are bein g  

used in  ad d ition  to  a c c e le r a tio n  th is  method of threshold



determ ination  i s  u n su ita b le  s in c e  th ere i s  a danger o f  

unconsciousness supervening. A new technique was 

developed fo r  th ese  experim ents which i t  i s  hoped w i l l  become 

standard in  o th er  la b o r a to r ie s . The new method w i l l  be 

d escrib ed  in  chapter IX.



CHAPTER I I I .

PHYSIOLOGY.

The changes occu rrin g  in  th e  occupants o f an a ir c r a f t  

during p o s it iv e  acceleration  are o f  two k in d s, (a) t i s s u e  

d is to r t io n ,  (h) haemodynamic e f f e c t s .  Both are due to  an 

in cr ea se  in  the e f f e c t iv e  w eight o f  the organs concerned.

(a) T issu e D is to r t io n . T h is , although dramatic to  

the onlooker (P la te  VI) ,  c a r r ie s  l i t t l e  danger to  the  

p i lo t  and i s  o f  l i t t l e  im portance. Ydiere in te r n a l organs 

are d isp la ced  the e f f e c t s  produced are concerned w ith  

c ir c u la t io n  and w i l l  he considered  under th a t heading.

(h) Haemodynamic. S ince the changes induced by 

p o s it iv e  jg are p rim arily  c ir c u la to r y , th ey  take tim e to  

develop , and th ere i s  always a la te n t  p eriod  during which 

the p i lo t  i s  free  of symptoms apart from the sen sa tio n  o f  

in creased  w eight. I f  the fo rce  i s  prolonged, v is u a l  

symptoms occur and la t e r  progress to  u n con sciou sn ess. The 

symptoms ( f i g .  5) can be ascrib ed  to a p ro g ressiv e  decrease  

in  the blood supply to  th e re tin a  and brain  under su sta in ed  

p o s it iv e  a c c e le r a t io n , and th e  p h y s io lo g ic a l rea c tio n  i s  an 

attempt to  compensate fo r  th ese  changes. The importance o f  

the tim e fa c to r  in  the production o f symptoms becomes 

apparent i f  the p h y s io lo g ic a l e f f e c t s  o f  jg are compared with  

th e  e f f e c t s  o f  a lte r a t io n s  in  cerebral blood flow  produced by 

oth er methods. Sudden a rrest o f the cerebral



c ir c u la t io n  by means o f c e r v ic a l o c c lu s iv e  c u ffs  w i l l  lead  

to  unconsciousness in  6 -  6j- seconds (Hoseen, ICabat and 

Anderson 1943)* The oxyren content o f  the b lood  entrapped  

w ith in  th e b ra in  at any tim e w i l l  th e r e fo r e  support 

cereb ra l fu n c tio n  f o r  t h i s  p er io d .

The mechanism o f regal* t io n  of the blood supply to  any 

given  part o f  th e  body i s  a sim ple p h y sica l one, and in  the  

b ra in , en closed  w ith in  the r ig id  s k u l l ,  the in tr a c r a n ia l  

f lu id s  form a c lo sed  hydrodynamic system  In  which very l i t t l e  

volume or flo w  change can occur w ithout proportional 

p ressure changes In  th e in tr a c r a n ia l v e s s e ls  or th e  

cereb rosp inal f lu id .  There I s  in c r e a s in g  evidence th a t w ith  

low blood  pressure In tracereb ra l v a scu la r  r e s is ta n c e  may be 

m odified  s ig n if ic a n t ly  in  an e ffo r t  to  preserve a constant 

flo w  through the b ra in . I t  i s  knov.11 th a t under normal 

co n d itio n s however, in t r in s ic  fa c to r s  p lay  on ly  a minor 

part in  th e  con tro l o f  cerebral b lood flow  (Schmidt 1950}* 

ICormal v isu a l and cereb ral fu n ctio n s  th ere fo re  depend 

p rim arily  on a pressure o f  b lood in  the head s u f f ic ie n t  to  

overcome the r e s is ta n c e  o f  th e cra n ia l co n ten ts . I f ,  fo r  the  

moment, one n e g le c ts  the a l l  important fu n ctio n  o f  the  

ca ro tid  sinus in  the reg u la tio n  o f cerebral a r te r ia l  

pressure and considers th e  purely haemodynamic fa c to r s ,  then  

the blood pressure at head le v e l  i s  determined by the  

pressure required to  support a column o f blood between th e



h eart and head, and a lso  by the p ressure at the h ea r t.

The former fa c to r s  bear a d ir e c t  r e la t io n  to  the  

magnitude o f the fo rce  due to  th e  a c c e le r a t io n  and i s  not 

su sc e p t ib le  to  p h y s io lo g ic a l com pensation. On th e  o th er  

hand th e  blood p ressure at heart le v e l  i s  c o n tr o lle d  by a 

complex s e r ie s  o f r e f le x  mechanisms, so th a t i t  i s  to  be 

expected  that fa c to r s  in f lu e n c in g  card iac output such as 

blood p o o lin g  and venous retu rn , p erip h era l r e s is ta n c e  and 

heart ra te  w i l l  have a d ir e c t  bearing  on th e  problem.

The h y d ro sta tic  pressure exerted  by th e a r te r ia l  column 

o f blood between th e heart and the brain i s  p rop ortion al to  

i t s  len gth  measured in  the d ir e c t io n  o f th e  ap p lied  fo r c e , 

and i s  only under the p i l o t ’s con tro l by v ir tu e  o f crouching  

or th e  adoption o f o ther body p o s it io n s  which reduce the  

component a c t in g  through th e  lo n g itu d in a l a x is  o f th e  body. 

The len g th  o f th is  column of b lood , measured in  t h is  manner, 

w il l  henceforth  be termed th e  " h yd rosta tic  h ea rt-b ra in  

d ista n ce" . I f  one assumes a h ea rt-b ra in  d ista n ce  o f 30 cm., 

then  the a r te r ia l  pressure required at heart le v e l  to  e le v a te  

a column o f  blood to  the base o f the brain  i s  about 25 ram. Hg. 

at 1 £ .  Under th e in flu en ce  o f 5.g,» however, i t  has been 

shown th at the h ea rt-b ra in  d ista n ce  may in crease  by at le a s t  

6 cm. due to  s tr e tc h in g  o f the great v e s s e ls  in  the neck and 

thorax, and descent o f  the diaphragm. (Eushmer 1944) .  

T herefore, ju st to  m aintain a column o f  blood 36 cm. in



le n g th  under an a c c e le r a t io n  o f 5j£ would requ ire a 

p ressure at heart le v e l  o f 150 mm. Hg. E le v a tin g  th e  

diaphragm w h ils t  under the in flu e n c e  o f  to  i t s  normal 

mean le v e l  would produce the eq u iva len t o f at le a s t  l g  

p r o te c t io n . X-rays o f  monkeys su b jected  to  p o s it iv e  

a c c e le r a t io n  have demonstrated descent o f  th e  diaphragm 

a sso c ia te d  w ith an apparent len g th en in g  o f the p o rtion  o f  

th e in fe r io r  vena cava above the diaphragm* (Ruff and 

Strughold 1939)* This len g th en in g  w i l l  in crea se  th e  

d iffe r e n c e  between th e  intra-abdom inal pressure and the  

venous pressure at heart l e v e l  which a f f e c t s  the venous 

return  from the low er part o f the body. I f  the abdominal 

conten ts are considered  to behave as a column o f f lu id ,  and 

th e in cr ea se s  in  abdominal h y d ro sta tic  pressure are  

ca lc u la te d  and r e la te d  to  th e magnitude o f th e  c e n tr ifu g a l  

fo r c e , the increm ents in  pressure w ith in c r e a s in g  j£ f a i l  to  

reach th e va lu es expected  by almost 40$>. The d iscrepancy  

between th e c a lc u la te d  r is e  and the a ctu a l r i s e  confirm s the  

gradual descent in  th e  le v e l  o f  the diaphragm due to  

abdominal p rotru sion  and compression o f in t e s t in a l  gas, w ith  

the consequent reduction  in  th e h eigh t o f the f lu id  column.

Lambert and Wood (1946) measured ra d ia l a r te r ia l  p ressu res  

in  human su b jec ts  w ith the w r is ts  at head l e v e l .  They 

concluded that the f a l l  in  blood p ressure at head le v e l  was 

d ir e c t ly  proportional to th e a c c e le r a tio n  and corresponded  

to  a s y s t o l ic  f a l l  o f 32 mm. H g./g  and a d ia s t o l ic  f a l l  o f



20 mm.Eg./g. The mean pressure f a l l  amounted to  

25 mm.Hg./g which i s  the p ressure required  to  support a 

column o f  blood between the heart and bra in  under lg .

Dimming o f v is io n  was a s so c ia te d  w ith  s y s t o l i c  blood  

p ressu res  a t head le v e l  o f  approxim ately 40 mm.Hg., although  

w ith an excess in tr a -o c u la r  pressure o f 26 mm.Eg. i t  i s  to  

be expected  th a t the r e t in a l  c ir c u la t io n  w i l l  not f a i l  

u n t i l  the lo c a l system ic blood p ressure approaches th is  

l a t t e r  f ig u r e . Complete b lack -out occurred when the  

p ressure f e l l  to  20 mm.Hg. and unconsciousness when i t  

reached zero . At heart le v e l  they  noted th a t the s y s t o l ic  

p ressure f e l l  approxim ately 4 mm.Eg./g, whereas the  

d ia s t o l ic  pressure was m aintained, which might reasonably  

imply a f a l l  in  mean pressure o f 2 mm.Hg./g. As cerebral 

blood flow  may be more c lo s e ly  r e la te d  to  the mean a r te r ia l  

p ressu re , i t  i s  d es ira b le  to  examine the pressure changes 

in  the a r te r ia l  column in  th ese  term s. Assuming a normal 

blood pressure o f 126/85 at heart l e v e l ,  then exclu d ing  

e f f e c t s  due to  descent o f the diaphragm, one would expect 

blood flow  to  show s ig n if ic a n t  impairment when 

a c c e le r a tio n s  o f 4j£ were a tta in e d . This has been 

demonstrated in  anim als (F isch er  1937, Ranke 1937,

Koenen and Ranke 1937, G reenfield  1938, and B r itto n , P e r tz o ff ,  

French and K line 1947), however average relaxed  human 

th resh o ld s appear h igher than t h i s .  In ad d itio n , i t  has 

been shown that i f  the a c c e le r a tio n  i s  su sta ined  some



recovery may ensue a f t e r  6-12 seconds a t th e  peak 

(Ranke 1938, G reen fie ld  1938, Mayerson 1942, Rose, Kerr 

and Kennedy 1942, Sturm, Wood and Lambert 1945,

B r itto n  e t  a l 1947, Browne and F itzsim ons 1956).

Although i t  i s  apparent that the card iac output and hence 

blood pressure at heart le v e l  can be m aintained a t or above 

normal under th ese  c o n d itio n s , th ere  i s  an a d d itio n a l  

fa c to r  concerned in  th e  maintenance o f an adequate 

cereb ra l blood flo w  at subthreshold  le v e l s  o f a c c e le r a t io n .  

Henry, Gauer, Kety and Kramer ( l9 5 l )  lik en ed  th e  cerebral 

arteriovenous c ir c u it  to  an in v er ted  ‘U1 tube system . In  

experim ents on human su b jec ts  exposed to  p o s it iv e  g_ they  

measured a r te r ia l  p ressu res a t eye le v e l  and in te r n a l  

jugu lar bulb p ressu res . The r e s u lt s  appeared to  in d ic a te  

th a t the n egative  p ressu res developed w ith in  th e  in tr a -c r a n ia l  

v e in s  compensated to  some extent fo r  the f a l l  in  cereb ral 

a r te r ia l  p ressu re . Thus the arter ioven ou s pressure  

d if f e r e n t ia l  across the brain  was m aintained and hence an 

adequate cerebral b lood flow  a ls o .

This exp lanation  depends upon th e  pressure in  th e  

jugular bulb bein g  equal to  that in  the in tr a -c r a n ia l venous 

s in u se s . This was assumed by the authors but has not been 

es ta b lish e d  exp erim en ta lly .

The cerebral arteriovenous oxygen d iffere n c e  gave an 

in d ic a t io n  of blood flow  and i t  appeared that a marked 

decrease in  cerebral venous oxygen sa tu ra tio n  occurred only
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when a c c e le r a tio n  o f •••• * ?£ v-ere reached. The authors 

p oin ted  out th a t such a mechanism was in e f f e c t iv e  in  

supporting cereb ral c ir c u la t io n  when th e  a r te r ia l  p ressu res  

at th e  base o f  th e  brain  dropped to zero . A hydro- 

dynamical concept o f th e h ea rt-b ra in  c ir c u la t io n  would 

t h e o r e t ic a l ly  permit blood flo w  at a l l  va lu es o f  

a c c e le r a tio n  i f  the blood v e s s e ls  were considered  as r ig id  

tu b e s . This i s  not the ca se , and when th e p ressure on the  

a r te r ia l  s id e  drops to  zero , c o lla p se  o f unsupported v e s s e ls  

on the venous s id e , w ith the estab lishm ent o f a f lu id  l e v e l ,  

must presumably occur. On th e o th er  hand, under p o s it iv e  

th e  ex ten s iv e  in te r n a l v er teb ra l venous p lexus i s  prevented  

from co lla p se  owing to  the subatm ospheric C .S .F . pressure  

which may th ere fo re  allow  an un interrupted  blood flow  and 

account fo r  th e  maintenance o f a high arter ioven ou s  

pressure d if f e r e n t ia l  in  th e  b ra in . These th e o r ie s  were a lso  

subscribed  to  by Akesson (194-8) who reported them p r io r  to  

J. P. Henry.

I f  the a c c e le r a t io n  i s  ap p lied  rap id ly  to  a peak 

above the le v e l  at which cerebral c ir c u la t io n  ce a se s , i t  has 

been found that the tim e to  produce unconsciousness i s  

approxim ately the same regard less  o f the peak a c c e le r a t io n , 

up to  a maximum of 15_g (Beckman 1953). The mean time above 

va lu es o f 3_g during a c c e le r a tio n s  lea d in g  to  

unconsciousness, appears to  be 4*2 seconds which i s  sh orter
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than the conscious su rv iv a l tim es when cereb ral 

c ir c u la t io n  i s  stopped by the a p p lic a t io n  o f a c e r v ic a l c u f f .  

Beckman a ttr ib u te d  th is  d iffe r e n c e  to  the fa c t  th at under 

high p o s it iv e  g  load s th e  t o t a l  q u an tity  o f  b lood entrapped  

w ith in  the brain  a f t e r  c e s sa t io n  o f  cereb ra l c ir c u la t io n  

was l e s s .  I t must be noted however that high n ega tive  

C .S .F . p ressures can be assumed under th ese  co n d itio n s  and 

t h i s  fa c t  may be more d ir e c t ly  r e la te d  to  th e  d iscrep an cy .

The above co n sid era tio n s  have so fa r  presupposed as 

constant blood pressure at heart l e v e l ,  but t h is  i s  

a f fe c te d  by many p h y s io lo g ic a l v a r ia b le s  which show marked 

changes under the in flu e n c e  o f  p o s it iv e  a c c e le r a t io n .

In the low er h a lf  o f  the body the e s s e n t ia l  change 

during p o s it iv e  a c c e le r a t io n  i s  an in crea se  in  the  

h y d ro sta tic  pressure gradient a lon g  the blood v e s s e ls  which 

r e s u lt s  in  a c ir c u la t in g  blood lo s s  due to  p o o lin g . The 

degree to  which p h y s io lo g ic a l mechanisms can compensate fo r  

t h is  f a i lu r e  o f  venous return w il l  deteiraine the r igh t heart 

f i l l i n g  pressure and hence card iac output and mean blood  

pressure at heart l e v e l .  In t h is  c a se , as th e  s tr e s s  and i t s  

e f f e c t s  have a m echanical b a s is ,  compensation can be 

augmented by mechanical d ev ices  or voluntary e f fo r t s  such as  

breath h o ld in g  and s tr a in in g . Under such co n d itio n s su b jec ts  

have been known to  m aintain a blood pressure at heart le v e l  

o f over 200 mm.Hg.



The onset of a c c e le r a t io n  i s  accompanied by an 

immediate r is e  in  p u lse  ra te  which may take 10-30 seconds 

to  reach i t s  maximum value (Ruff 1933) in  the reg ion  o f  

195-220 . There does not appear to he any r e la t io n  between 

the p u lse  response and jg_ to lera n ce  or the s e v e r ity  o f  

symptoms. During recovery th ere  may he made f lu c tu a t io n  

in  the rate hut t h is  i s  fo llow ed  hy a bradycardia. With 

th e  descent o f  th e  conten ts o f  th e  th o ra c ic  cage changes are 

seen  in  the electrocardiogram  whose in te r p r e ta t io n  v a r ie s  

w idely  in  the l i t e r a t u r e .  The a n a ly s is  o f th ese  changes w i l l  

he d iscu ssed  in  chajter V.

I t  i s  th e  venous retu rn , ho?;ever, which w i l l  have the  

g rea test in flu en ce  on card iac output. The ex ten t o f t o t a l  

blood p o o lin g  in  the abdomen has not been a ccu ra te ly  

a sse sse d , but the p o o lin g  in  the low er lim bs has been  

measured by Lambert (1946) during human cen tr ifu g e  

experim ents, u sin g  le g  piethysm ographs. I t  would appear 

th a t under th e  in flu en ce  o f 5j£ Dor 15 seconds th e  t o ta l  l e g  

volume in creased  by only 60 ml. Chest x -rays during such 

cen tr ifu g e  runs have demonstrated an appreciab le reduction  

in  heart s iz e  (Ruff and Strughold 1939> Rushmer 1944) -  a 

r e su lt  o f  the p ro g ressiv e  fa ilu r e  o f venous return . The 

rate o f  blood p o o lin g  in  the low er lim bs i s  governed by 

the p eriphera l vascu lar  r e s is ta n c e  as the venous va lves prevent 

retrograde flow . The r is e  in  venous pressure in  the



low er lim bs i s  slow and p ro g ress iv e  depending on the in flo w  

o f  b lood from the a r te r ia l  s id e .  Thus the p o o lin g  req u ires  

a p eriod  o f  time to  develop depending on th e degree o f  

p erip h era l v a so c o n s tr ic t io n . In t h is  connection  G reen fie ld  

and P atterson  (1954) have shown th a t th ere  i s  a p erip h era l 

v a so c o n str ic t io n  which fo llo w s  a lo c a l  response to  an in creased  

transm ural pressure on the a r te r ia l  s id e  o f  the  

c ir c u la t io n . They a lso  in d ic a te  how/ever that when th e  

in crea se  in  transmural p ressure exceeds 150-200 mm.Hg. th ere  

may be a la rg e  p e r s is t in g  v a s o d ila ta t io n  which in  

consequence would lead  to high a r t e r ia l  flow  ra tes  in  the  

low er lim bs under w ith more rapid shunting  o f the blood  

in to  the venous s id e  o f the c ir c u la t io n . I t  i s  noteworthy  

th a t under 5j£ f ’ne s y s t o l i c  a r te r ia l  pressure at ankle le v e l  

may reach 350-400 mm.Hg. The r i s e  in  venous pressure in  

dependent parts o f the body produces a f lu id  lo s s  w ith a 

demonstrable haem oconcentration, but the magnitude of t h is  

phenomenon in  r e la t io n  to the tim e o f exposure makes i t  of 

only academic s ig n if ic a n c e .  P e te c h ia l haemorrhages in  

dependent parts o f  th e  body during short exposure to  high  

peak a c c e le r a tio n s  have ra re ly  been d escrib ed .

I t  i s  found th a t i f  i s  m aintained, the period  o f  

general d e te r io r a tio n  o f the su b ject la s t s  approxim ately  

7-10 seconds, a f t e r  which a lim ite d  degree o f compensation 

tak es p la c e . I t  i s  d i f f i c u l t  to  see hoŵ  the extent o f the



abdominal p o o lin g  can be a ccu ra te ly  eva lu ated , but any 

fa c to r  whicb a s s i s t s  venous return to  th e thorax has a 

profound e f f e c t  on th e  card iac e f f ic ie n c y .  In  t h is  r e sp e c t, 

intra-abdom inal and in tr a th o r a c ic  p ressu res are o f  great 

im portance. The production  o f an abdom ino-thoracic p ressure  

g rad ien t, by resp ira to ry  e f f o r t s  r e la te d  to  th e  V alsa lva  

manoeuvre ( i . e .  forced  ex p ir a tio n  aga in st a c lo sed  g lo t t i s )  

in  order to  f a c i l i t a t e  venous return , have been stu d ied  by 

Rushmer (1944)• These p h y s io lo g ic a l im p lica tio n s  are 

d iscu ssed  in  r e la t io n  to methods o f p r o te c t io n . Some 

fundamental work by E. H. Wood et a l .(1943) does throw some 

l ig h t  on the s ig n if ic a n c e  o f  blood p o o lin g , venous return  

and righ t a u r icu la r  f i l l i n g  p ressu re . It can be shown in  

the human cen tr ifu g e  th a t i f  the low er h a lf  o f a su bject i s  

immersed in  a w ater bath up to  chest l e v e l ,  then  during  

p o s it iv e  h y d ro sta tic  counter-pressure i s  ap p lied  to  the  

su rface o f the body which e x a c tly  opposes the p o o lin g  

tendency. The experim ents showed th a t th e w ater le v e l  which 

gave maximum p r o te c tio n  was c r i t i c a l .  The average v isu a l  

p ro tec tio n  with water immersion to  the xyphoid was 0«8g  

whereas with th e w ater le v e l  at the 3rd c o s ta l c a r t i la g e  

rib  the p ro tec tio n  averaged 1 . On th e o r e t ic a l  grounds,

sim ple e le v a tio n  o f the diaphragm to  i t s  normal mean le v e l  

should give a maximum o f on ly  l g  p r o te c t io n . The remaining

0.7_g, p ro tec tio n  must be a ttr ib u te d  to  an in creased  cardiac  

output and ra ised  s y s t o l ic  pressure at heart le v e l .



T his fo llo w s  the reduction  o f c ir c u la t in g  blood volume in  

the low er h a lf  o f  th e  body when cou n ter-p ressu re i s  

a p p lied , not only during p o s it iv e  a c c e le r a t io n  but a lso  in  

th e  r e s t in g  co n d itio n s .

On exposure to  va lu es  o f  which do not produce v is u a l  

symptoms there i s  no demonstrable d isturbance o f C.N.S. 

fu n c tio n . I f  th ese  exposures o f g are repeated sev era l 

tim es in  one day they are fo llow ed  by la s s itu d e  and 

exhaustion , the p h ysio logy  o f  which i s  unknown. As a 

r e su lt  o f t h i s ,  s ix  cen tr ifu g e  runs per day are the  

ab so lu te  maximum allow ed fo r  any su b je c t . This t ir e d n e ss  may 

be the r e su lt  o f minimal c o r t ic a l  anoxia and has been 

compared with the fa t ig u e  fo llo w in g  c o lla p se  on a t i l t i n g  

ta b le .

The fu rth er  sequence o f even ts begins with a greying of 

v is io n  m anifested  by an impairment o f con trast d iscr im in a tio n , 

and th e  b lack-out th resh o ld  occurs when the sen sa tio n  o f  

l ig h t  i s  com pletely l o s t .  As a r e su lt  o f  215 cen tr ifu g e  t r i a l s  

Lambert (1944) showed th at when v isu a l symptoms occurred they  

took p lace approxim ately 6 seconds a f t e r  maximum _g was 

reached. He fu rth er  s ta te d  that i f  symptoms are going to  appear 

on a given cen tr ifu g e  run they happen before the ten th  second. 

Hemianopia or scotomatous impairment o f  the v isu a l f i e ld s  has 

not been reported. W hilst consciousness i s  re ta in ed , ocu lo­

motor fu n ction s are u n affected  in  common w ith other
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co -ord in ated  movements, and although Stewart (1945) noted  

a l e f t  esophoria under lo a d in g s , i t  could he overcome by 

voluntary  e f fo r t  and was ascr ib ed  to  muscular im balance. 

Nystagmus has never been observed..

Other sensory fu n ctio n s  such as tou ch , p a in , p ressure  

and tem perature are not markedly im paired, even when 

black-out l a s t s  as lon g  as 12 seconds, and th ey  are only  

l o s t  w ith the onset o f  u n con sciou sn ess. This f in a l  stage i s  

heralded  by a rapid lo s s  o f fu n ctio n  of nervous t is s u e  

p ro g ressin g  to  th e  t o t a l  a b o lit io n  o f a l l  motor and sensory  

fu n c tio n s . As i s  found in  cases o f anoxia , the su b ject  

o fte n  does not ap p recia te  th at con sciou sn ess has been lo s t  

u n less  th ere i s  some change in  the environment. Thus, i f  

consciousness i s  regained w hile  the cen tr ifu g e  i s  s t i l l  

r o ta t in g  th e su b ject w i l l  s ta te  th at he f e e l s  f in e  and that 

n oth ing unusual has occurred. I t  i s  only i f  con sciou sn ess i s  

regained when the cen tr ifu g e  has come to a stop  th a t the  

su bject r e a l is e s  he has been unconscious, and o ften  the  

presence of in ju r ie s  i s  the f in a l  p roo f. The gross mental 

changes a s so c ia te d  w ith high ju st p r io r  to ,  during and 

fo llo w in g  unconsciousness may be m an ifested  by con fu sion , 

dreams, amnesia, p a ra esth es ia , or con vu lsive  ep iso d es . Local 

minor ep isodes are not uncommon, but c lo n ic  f i t s  are 

not n e c e ssa r ily  a sso c ia te d  w ith an abnormal r e s t in g  E.E.G. 

Recovery i s  u su a lly  rapid but com plicated by d iso r ie n ta t io n ,



confusion  and dreams, which may la s t  up to  20 seconds.

I t  w i l l  he seen  th a t th ere  are many ways in  which th e  

e f f e c t s  o f  may he p o te n tia te d  le a d in g  to  a premature onset 

o f  b lack -ou t or u n con sciou sn ess.



CHAPTER IV .

HUMAN TOLERANCE TO ACCELERATION

Human to le r a n c e  to  a c c e le r a t io n  depends b a s ic a l ly  on th e  

s tren g th , duration , d ir e c t io n  and ra te  o f  a p p lic a t io n  o f th e  

ap p lied  fo r c e . From th e  d isc u ss io n  on p h ysio logy  i t  can 

re a d ily  be understood th a t in d iv id u a l to le r a n c e s  can be 

m odified  by various p r o te c t iv e  d e v ic e s , such as crouching  

to  d im inish h ea rt-b ra in  d ista n ce  or te n s in g  the abdominal and 

le g  musculature to  m aintain venous return . To ob ta in  a base 

l in e  fo r  comparison o f su b je c ts , and to  a llo w  ev a lu a tio n  o f  

methods and m a ter ia ls , i t  has been g en era lly  agreed that  

human to lera n ce  to  p o s it iv e  should be measured w ith the  

su b jec ts  relaxed  and in  a normal s i t t i n g  p o s it io n .  Since  

unconsciousness i s  not d es ira b le  in  routine experim ents 

the end point used fo r  determ ining to lera n ce  i s  grey-out or 

b la ck -o u t. The at which symptoms appear b ein g  c a lle d  the  

th resh o ld .

Grey-out and b la ck -o u t, although commonly used by the  

a v ia to r , are confusing  terms and deserve some exp lan ation .

The sequence o f v isu a l changes which precede unconsciousness  

are as fo llo w s : -

( l )  There i s  a general dimming o f  the v isu a l f i e ld s  

a sso c ia ted  w ith dim inution o f con trast  

d iscr im in ation  and impaired co lour v is io n .



36,

This sta g e  i s  c a l le d  "greying” and la s t s  fo r  a 

v a r ia b le  len g th  o f tim e. It im m ediately precedes

(2) Grey-out -  t h i s  stage  i s  ch a ra cter ised  by lo s s  

o f  p erip h era l v is io n ,  cen tra l v is io n  b ein g  

unimpaired. It i s  a sso c ia te d  w ith  an a r t e r ia l  

blood p ressure at head le v e l  of 40-60 mm. of Hg.

I f  th e  fundus i s  examined during t h is  1 coning or 

tu n n e llin g  o f  v i s io n 1 th e  v e s s e ls  are seen to  be 

p u lsa t in g , th e  a r te r ie s  bein g  empty during  

d ia s to le  and f i l l i n g  w ith each s y s t o le .  I f  the

i s  in creased  t h is  stage  g iv es  way to  : -

(3) B lack-out (amaurosis fu g a x ). At t h is  poin t 

v is io n  i s  com pletely  lo s t  although consciousness  

i s  m aintained. There are no changes in  motor or 

sensory fu n ctio n s w ith the exception  o f  v is io n  

which i s  com pletely  a o o lish e d . Any in crea se  in  

th e ap p lied  fo rce  causes lo s s  o f con sc iou sn ess.

The p h y s io lo g ic a l p ro cesses  un derly in g  b lack -out are 

s t i l l  c o n tr o v e r s ia l. The ear ly  Geman th e o r ie s  of 

deform ation o f the brain , compression o f th e  o p tic  chiasma as 

the brain  s l id e s  over the tentorium , and in t r a - c e l lu la r  

m igration  o f m itochondria were a l l  u n lik e ly  and can now be 

disregarded . The modern view i s  th at blackout i s  due to  

anoxia secondary to  a fa ilu r e  of the blood supply. The 

co n tro v ersia l point i s  whetner t.ue primary fa i lu r e  i s  in  the



r e tin a  or in  the brain  i t s e l f .  The exponents o f the l a t t e r  

view have rece ived  most support from the anatom ical work 

o f Young (1946). B r ie f ly  h is  theory i s  th a t w ith p ro g ress iv e  

a c c e le r a t io n  th ere  i s  a dim inished blood supply to  the  

o c c ip ita l  cortex  from th e v erteb ra l a r t e r ie s .  At th e same 

tim e th ere i s  an in creased  ou tflow  from the dural s in u ses  

v ia  the jugular v e in s .  Thus th ere  i s  a decrease in  the  

volume o f the cra n ia l con ten ts o f f s e t t in g  th e cush ion ing  

e f f e c t  o f the C .S .F . The brain  i s  d isp la ced  in  the  

d ir e c t io n  o f the ap p lied  fo rce  and compresses “he verteb ra l 

v e s s e ls  le a d in g  to  a fu r th er  red u ction  in  blood flow  to  the  

v isu a l co rtex . In h is  v iew , t h i s  r e s u lt s  in  th e v isu a l  

cortex  being  deprived o f  i t s  blood supply b efore th e r e s t  

o f the bra in .

The oth er school of thought p la ce s  the lo s s  o f fu n ctio n  

in  the re tin a  i t s e l f .  S ince the in tr a -o c u la r  pressure i s  

20-30 mm.Hg., then  flow  might be expected to  cease in  the  

r e t in a l v e s s e ls  when the a r te r ia l  p ressure at eye le v e l  

reaches t h i s  f ig u r e . This has been v e r i f ie d  rep eated ly  and 

ophthalmoscopic exam ination o f su b jec ts  rev ea ls  emptying o f '’h 

blood v e s s e ls  co in cid en t with blackout ( B ie t t i  and Scano 

1943? Duane 1953). ^t seems not unreasonable to  suppose that 

the blood supply to  the r e tin a  ceases when the blood pressure  

at head le v e l  i s  s t i l l  adequate to  m aintain the cerebral 

c ir c u la t io n , fu r th er  weight i s  a d d e d  to  th is  argument from
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s tu d ie s  on p ressure b lin d n e ss , '.hen p ressure i s  ap p lied  

e x te r n a lly  to  th e ey eb a ll lo s s  o f v is io n  fo llo w s  th e  same 

tim e course as during a c c e le r a t io n  (Lambert and Wood 1946,

Howarth 1956). The p ressu res necessary  to  cause t h is  

b lin d n ess  agree w ith th ose  occu rrin g  during £  (Andina 1937)» 

w hile th e  la s t  p o in t o f th e  v isu a l f i e l d  to  be seen  i s  

p arafovea l in  p ressure b lin d n ess  (Howarth 1956) as i t  i s  w ith  

a c c e le r a t io n  (Latham -  unpublished o b se r v a tio n s ).

The most recent work which bears on t h is  problem i s  

th a t o f  Lewis and Duane (1955) wbo have shown that the  

e lec tro -retin ogram  p e r s is t s  during blackout as do th e  d ire c t  

and consensual l ig h t  r e f le x e s .  I t  i s  g en era lly  agreed that 

the e lectro -retin ogram  i s  derived  from the recep to r  c e l l s  

o f th e re tin a  ( i . e .  the rods and cones) although part o f the  

complex may a r ise  from the other nervous elem ents in v o lv ed .

The re tin a  would thus appear to  respond to  l ig h t  although  

v is io n  i s  l o s t .  This i s  borne out by the presence o f the  

l ig h t  r e f le x e s .  C onsideration  o f the pathways in vo lved  should  

th ere fo re  suggest the poin t where tran sm ission  i s  in terru p ted . 

F ig . 6 shows diagram m atically the v isu a l pathway. The 

f ib r e s  in  the o p tic  nerve pass back through th e chiasma to  

re lay  in  th e la te r a l  g en icu la te  body o f th e  same s id e  as th e ir  

r e t in a l o r ig in . The next se t of f ib r e s  (the o p tic  rad ia tion )  

tr a v e l v ia  the re tro len tifo rm  part o f the in te r n a l capsule  

to  end in  the v isu a l cortex  on the o c c ip ita l  p o le  o f the cerebrum.
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The path o f the f ib r e s  su bserv in g  th e  l ig h t  r e f le x  i s  shown 

in  f i g .  7* The f ib r e s  pass medial to  the g en ic u la te  body and 

v ia  the su perior c o l l ic u iu s  to  the p r e te c ta l nucleus where 

th ey  synapse w ith  f ib r e s  going to  the Edinger-W estphal n u cleu s.

At f i r s t  s ig h t  i t  would appear th a t th e b lock  must be a t the  

la t e r a l  g en icu la te  body or in  the h igher c e n tr e s , the  

l a t t e r  p r o b a b ility  b ein g  th e  mor* l i k e ly .  However on f iv e  

su b jec ts  I  have shown th a t during the course o f pressure  

b lin d n ess a l ig h t  stim ulus presented  im m ediately a f t e r  

black-out w i l l  e l i c i t  a consensual l ig h t  r e f le x ,  although  

fu r th er  pressure a b o lish e s  t h is  l a t t e r  response a ls o .  In 

t h i s  case i t  i s  d i f f i c u l t  to  see  by what mechanism pressure  

on the ey eb a ll could in flu e n c e  the fu n ctio n  o f  th e  la t e r a l  

g en icu la te  body or the o c c ip it a l  c o r te x . A p o s s ib le  exp lanation  

o f th e apparent co n tra d ic tio n  in  th e se  r e s u lt s  has been 

advanced by Lewis and Duane (1956 ). These authors have 

p o in ted  out th a t v is io n  has th ree c e l l s  and two synapses in  

the re tin a  whereas the a ffe r e n t pathway fo r  th e l ig h t  r e f le x  

has but two c e l l s  and one synapse ( f i g .  8 ) .  Moreover th e  

extra  c e l l  and synapse in  the v isu a l pathway are th ose  o f the  

ganglion  c e l l  la y e r  which l i e s  in  th e in n er part o f th e  

r e tin a  su pp lied  by th e a r te r ia  re tin a e  c e n tr a l is ;  whereas 

th e o u ter  s tru c tu res  o f  rods, cones and b ip o la r  c e l l s  are 

su p p lied  by a p lexus of v e s s e ls  from the choroidal c ir c u la t io n .

Thus 'when th e blood flow' of the cen tra l a rtery  becomes zero
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at. 20-30 mm.Hg. a r t e r ia l  p ressure th e ganglion  c e l l  la y e r  

becomes anoxic although the ou ter  la y e rs  have s t i l l  an adequate 

blood supply. This theory  exp la in s th e  p e r s is ta n ce  o f the  

e lec tro -retin o g ra m  and lig h t  r e f le x e s  during b lack-out due 

to  e i th e r  j* or ex tern a l p ressu re . Grey-out i s  ex p lic a b le  in  

the same m y  s in ce  as the p ressure in  the r e t in a l a rtery  f a l l s  

th e  flo w  becomes l e s s  and the p erip h era l part o f the  

re t in a  w i l l  have a reduced blood supply with a lower  

oxygen con ten t.

In con clu sion  i t  may be sa id  th a t although th ere i s  some 

in d ic a t io n  of the lo s s  o f  v is io n  b ein g  cen tra l in  o r ig in  

th e w eight o f evidence p o in ts  to  f a i lu r e  o f conduction in  the  

r e t in a , th e most probable s i t e  b e in g  the ganglion  c e l l  

la y e r .

The purpose o f  the d ig r e ss io n  in to  th e  o r ig in  o f  

black-out has been to  e s ta b lis h  i t s  p rim arily  haemodynamic 

nature in  th e nonnal su b ject during a c c e le r a t io n . I t  must 

a lso  be borne in  mind th a t changes in  the v e s s e ls  o f  the  

r e tin a  fo llo w  c lo s e ly  th ose o f  the cerebral v e s s e ls  and 

changes in  ca lib r e  may a r is e  from many varied  p h y s io lo g ic a l  

c o n d itio n s . In a d d it io n ,in  some s p e c ia l ca ses  th ere  may be 

upset o f th e  h igh er cen tres although th e  r e t in a l blood flow  i s  

adequate to  support v is io n .  This w i l l  be d iscu ssed  in  

Part I I .



The th resh o ld  depends on sev era l p h y s io lo g ic a l fa c to r s  

in  a d d itio n  to  the m echanical ones a lready m entioned. Thus 

th e  v a r ia b le s  in vo lved  are h ea rt-b ra in  d is ta n c e , blood  

pressure at heart l e v e l ,  in tr a -o c u la r  te n s io n , p eriph era l 

r e s is ta n c e , and card iac output. Other more tenuous 

v a r ia b le s  are p h y sica l f i t n e s s ,  somatotype and temperament, 

a short stout su bject has a b e t te r  to ler a n c e  than a t a l l  slim  

one, o ther th in gs b ein g  equal, w hile th e  a th le te  has a 

higher th resh o ld  than the student.. Age a ls o  p lays a p a rt, 

to lera n ce  d ecreasing  w ith age although t h is  e f f e c t  may be 

due to  dim inished p h y sica l f i t n e s s  and lowered cardiac  

reserve rather than age per s e .  Depending on the forego in g , 

th ere  i s  a large day to  day v a r ia tio n  in  th resh o ld  which i s  

a lso  re la ted  to  fa t ig u e . With so many v a r ia b les  i t  i s  

o ften  d i f f ic u l t  to  decide which fa c to r s  are op erative at 

any one time and t h is  has le d  to  many m isconceptions in  the  

p a s t. I t  i s  in te r e s t in g  to  note th at p ra c tic e  does not 

improve £  to lera n ce  but tends to  decrease i t .

These p h y sio lo g ic a l v a r ia b le s  tend to  be s t a t i c  in  any 

one in d iv id u a l and h is  to lera n ce  i s  then determined by the  

stren gth , duration , d ir e c t io n  and ra te  o f a p p lica tio n  o f th e  

fo r c e .

1 . Strength and duration .

In the ear ly  days o f s tu d ie s  on a c c e le r a tio n , large  

numbers o f  th resh old  determ inations were made in  an attempt



to  ob ta in  a normal range. To ob ta in  un iform ity  most

ce n tr ifu g e s  used a method whereby th e su b ject was brought

from l.Ojg to  peak & in  5 seconds reg a rd less  o f th e  va lue o f

th e peak jg. Much va lu ab le data was obtained  in  t h is  way.

Prom th e se  r e s u lt s  s tren g th /d u ra tio n  curves could be

con stru cted  which would o u tlin e  the l im it s  o f human

to le r a n c e . P ig . 9 shows the curve obtained a t t h is

lab oratory  compared w ith th ose  o f sev era l American so u rces.

I t  w i l l  be seen th a t th e  curves, although having

s im ila r  c h a r a c te r is t ic s ,  are w idely  d isp la ced  and tend

f a l s e l y  to  suggest th a t c e r ta in  areas produce people w ith a

h igh er to lera n ce  than o th e r s . This displacem ent i s  due

la r g e ly  to  d iffe r e n c e s  o f techn ique between various
€rui

la b o r a to r ie s  and the use o f  d if f e r e n t /p o in t s .  More 

in t e r e s t in g  i s  the fa c t  th a t th e curves a l l  d ev ia ted  from the  

general form o f p h y s io lo g ic a l stren g th /d u ra tio n  curves in  

having a secondary r is e  to  the r ig h t of the graph, t h is  

occurs a t about 6-10 seconds a f t e r  peak _g i s  reached. Thus 

a su bject who greyed out a f t e r  5 seconds at 3 .0  jg might 

expect h is  v is io n  to  c le a r  again  at 7 seconds. This 

phenomenon only occurs at low va lu es o f and would seem to  

be e x p lica b le  by compensatory mechanisms.

To in v e s t ig a te  t h is  problem sev era l cen tr ifu g e  runs 

were carr ied  out during which the blood pressure was 

measured a t eye l e v e l .  P u lse ra te  was obtained  in  a fu r th er  

200 runs from th e  e lectro -card iogram . A sample r e su lt  can be



seen  in  f i g .  10 . I t  was found th a t as the a c c e le r a tio n  

began th e  blood p ressure at eye le v e l  rap id ly  f e l l .  I f  

th e  S .B .P . reached 40 mm.Hg. then  grey-out occurred and i f  

i t  f e l l  below 20 mm.Hg. then b lack -out rap id ly  fo llo w ed .

This agreed w ith the f in d in g s  o f  Lambert and Wood (1946) .  

Prom the e lectro-card iogram s i t  was found th at the  

maximum p u lse  ra te s  were reached 6-10 seconds a f te r  peak g ,  

as had been n o ticed  by Rose et a l .  (1942 ). The r is e  in  

p u lse  ra te  fo llow ed  c lo s e ly  th e  f a l l  in  B .P. which 

commenced to  r is e  again  as th e  p u lse  ra te  reached le v e ls  

o f  120-130 per min. F o llow in g  the r i s e  in  blood pressure  

th e  p u lse  slows again  u n t i l  th e  two s t a b i l i s e ,  th e  f in a l  

degree o f tachycard ia  and hypotension  depending on th e  g .  

F ollow ing  the r i s e  in  blood pressure the v isu a l symptoms 

disappear. One su b ject was run w hile the blood pressure  

was measured at heart l e v e l . .  The r e s u lt s  obtained are shown 

in  P ig . 11 . I t  w i l l  be seen th a t th e  pressure a t t h is  le v e l  

showed a s l ig h t  i n i t i a l  f a l l  fo llow ed  by a r i s e .  Recovery 

i s  rapid fo llo w in g  c e s s a t io n  o f  g .

The secondary r is e  in  th e  s tren g th /d u ra tio n  curve would 

thus appear to  be due to  ca rd io -v a scu la r  r e f le x  a c t iv i t y .

The most probable mechanism i s  th a t th e  h y d ro sta tic  f a l l  in  

blood pressure at head le v e l  s tim u la tes  th e pressure  

s e n s i t iv e  areas o f the ca ro tid  and a o r t ic  a r te r ie s  lea d in g  

to  in creased  cardiac rate and output, which in  turn r a ise s  

th e  system ic blood pressure and r e s to r e s  th e  c ir c u la t io n  to



the r e t in a . This compensatory r is e  ob v iou sly  depends on an 

adequate venous return  to  the r ig h t s id e  o f  th e  heart and t h is  

in  turn i s  lim ite d  by p o o lin g . Thus t h i s  tr a n s ie n t  v isu a l  

phenomenon i s  only found a t low er v a lu es o f  g ,  s in ce  at 

h igh er le v e ls  venous return i s  inadequate to  a llow  f u l l  

com pensation.

2 . Rate o f  a p p lic a t io n .

The e a r l ie r  work on th resh o ld  determ inations did not 

tak e account o f  th e  ra te  o f  a p p lica tio n  o f a c c e le r a t io n . In 

th e  common method o f u sin g  a tim e constant o f  5 seconds to  

reach peak g ,  each th resh o ld  le v e l  was reached by a 

d if fe r e n t  ra te  o f r is e  o f  a c c e le r a t io n  ( t h is  q u an tity  i s  

c a l le d  ’ j o l t f ) .  That th ere  w i l l  be a d iffe r e n c e  in  

th resh o ld  under th ese  circum stances can be re a d ily  appreciated  

by co n sid er in g  the p h y s io lo g ic a l changes occurring  under 

extreme c o n d itio n s . I f  the j o l t  i s  very h igh , fo r  example 

200 g j s e c .  then fa i lu r e  o f  the body i s  mechanical s in ce  

c ir c u la to r y  changes have no tim e to  occur. At 5-6 ^ /s e c .  

g rey -ou t, b lack -out and unconsciousness succeed each other  

rap id ly  as compensatory r e f le x e s  do not have tim e to  

develop com p letely . At the o th er extreme, very low ra tes  

o f  a p p lic a tio n , fo r  example 0 .01  jg /sec . a lso  lea d  to  a low  

th resh o ld  s in ce  although th ere i s  tim e fo r  f u l l  r e f le x  

a c t iv i t y ,  th e  lo n g  tim e la p se  a lso  a llow s p o o lin g  to  occur 

and so venous return i s  impaired and the heart cannot make



the appropriate resp on se . Between th e se  extremes l i e  

th e range o f  va lu es which commonly occur in  a ir c r a f t ,  varying  

from 0 .1  j^ /sec. to  4*0 _ g /sec ., and i t  i s  in  t h is  range that  

determ inations o f  th resh o ld  are made in  the human 

c e n tr ifu g e . V aria tion s in  th resh o ld  w ith in  t h is  range have 

p rev io u s ly  been demonstrated (Browne and P itzsim ons 1956) 

u sin g  constant tim e cams. A fu rth er  in v e s t ig a t io n  was made 

in to  a lte r a t io n s  in  th resh o ld  with varying ra tes  o f  

a p p lic a tio n  o f g  u s in g  cams g iv in g  a constant ra te  o f  r is e  

above ^2g»

Method and M a ter ia l.

The r a te s  o f  a p p lic a tio n  o f _£ were 3 .6 g /s e c . ,

2 .7 g /s e c . ,  1 .8 ^ /s e c .  and 1 .0 8 g /s e c .  The cen tr ifu g e  was 

a c c e le r a te d  to  a f ix e d  g  and m aintained at a constant 

a c c e le r a tio n  fo r  15 seconds and then d ece lera ted  to  r e s t .

Runs were repeated a t 0 .2 'g in te r v a ls  u n t i l  a grey-out 

th resh o ld  was found, a d if fe r e n t  ra te  o f  a p p lic a t io n  was' 

then  su b stitu te d  and fu r th er  runs made u n t i l  a new 

th resh o ld  was found. This was carried  out fo r  each o f  the  

four ra te s  o f a p p lic a t io n . In each s e t  o f runs the  

vary ing  ra tes  o f  a p p lic a tio n  were presen ted  in  a random 

order and th e su bject had no knowledge o f which run he was 

carry in g  ou t. Three m inutes were allow ed between runs to  

a llo w  p u lse  ra tes  to  return to  normal.

A few experim ents were performed sep a ra te ly  u sin g  ra tes



of a p p lic a tio n  o f O .lg /s e c .

A ll su b jec ts  were experienced  on th e  cen tr ifu g e  

except two. These in exp erien ced  su b jec ts  showed h igher  

th r e sh o ld s , as has been found b e fo re , but have been 

in clud ed  here as th e  r e s u lt s  represent r e la t iv e  d iffere n c es  

rath er than ab so lu te  v a lu e s .

Grey-out was used as the end poin t and was 

measured by p erip h era l l ig h t  l o s s .  In a l l  cases the  

i n i t i a l  grey-out was used although at the slow er ra tes  

o f  a p p lic a tio n  fu r th er  grey-ou ts do sometimes occur 

(Browne and F itzsim ons 1956).

^ % l l  i s '  .a tre ibd
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BESULTS.

TABLE 2.

GBEY-OUT THEESHOLDS AT DIFFERENT BATES OF 
._________APPLICATION OF £ .____________

Subject
Bate o f  a p p lic a tio n  £ /s e c •

3 .6 2 .7 1 .8 1 .08

P.H. 3 .3 3 .4 3 .4 3 .6

K.B. 3 .4 3 .6 3 .7 4 .0

J .F . 3 .6 4 .0 4 .0 4 .2

F .L . 3 .5 3 .5 3 .6 3 .9

M.B. 3 .2 3 .4 3 .4 3.8

A.C. 3 .7 4 .0 4 .1 4*4

G.A. 3 .6 3 .7 3.8 4 .0

J .B . 3 .7 3 .8 4 .0 4 .2

B.H. 4 .3 4 .5 4*6 4 .8

B.M. 4 .0 4 .0 4 .2 4 .4

Means 3.6 3.8 3 .9 4 .1

I t  w i l l  be seen th a t th ere  i s  a trend  towards h igh er  

th resh o ld s  as th e ra te  o f a p p lic a tio n  d ecrea ses. This 

trend i s  s t a t i s t i c a l l y  s ig n if ic a n t  at th e  le v e l  o f  P = 0 .0 0 1 . 

The d iffe r e n c e  between the h igh est and low est ra te  o f  

a p p lic a tio n  was 0.5j£, which corresponds to  th e f ig u r e  found 

p rev io u sly  fo r  th e  constant tim e cams (Browne and 

F itzsim ons 1956).
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TABLE 3.

THBESHOLDS OF FIVE SUBJECTS AT A 
BATE OF O .lg /s e c .

Subject
Bate o f ap p lic at ion  jr /se c .

3.6 2.7 1.8 1.08 0.1

A3 3.3 3.4 3.4 3.6 4.2

AS 3.4 3.6 3.7 4.0 3.8

A4 3.6 4.0 4.0 4.2 3.8

A2 3.5 3.5 3.6 3.9 4.2

C71 4.0 4 .0 4 .2 4 .4 3.8

Means 3.4 3.7 3.8 4 .0 3.9

There i s  no s ig n if ic a n t  in crea se  in  th resh o ld  when the  

ra te  o f  a p p lic a t io n  i s  reduced from 1 ,08  to  O . l j / s e c .  on the  

data fo r  f iv e  su b je c ts .

DISCUSSION.

The in crea se  in  to ler a n c e  a fford ed  by r e la t iv e ly  slow  

r a te s  o f  a p p lic a t io n  o f  £  i s  very rea l and o f  an order which 

approaches th a t o f  th e  ordinary g  s u i t .  With th e rapid ra te  

o f onset the r e f le x  tim e response from the p ressure  

recep tors i s  too  lon g  and card iovascu lar compensation occurs  

too  la t e  to  combat the h y d ro sta tic  pressure f a l l  a t eye le v e l  

and so grey-out and b lack-out occur and p e r s i s t .  With



slow er r a te s  however th e in crea se  in  r e f le x  a c t iv i t y  

p a r a lle ls  the in c r e a sin g  thus m ain ta in ing  p ressure a t  

eye le v e l  to  a h igher peak _g. With in term ediate r a te s  o f  

a p p lic a tio n  o f £ ,  and a t low er peak l e v e ls  w ith  rapid  

a p p lic a tio n , the r e f le x  response may la g  s u f f i c ie n t ly  to  

allow  a tr a n s ito r y  v isu a l d isturbance to  occur, but as th e  

run proceeds th ere i s  complete recovery.

The in te r e s t in g  p o s s ib i l i t y  o f whether th e  p ro tec tio n  

afforded  by th e card iovascu lar r e f le x e s  could be fu rth er  

increased  by d ecreasing  the a p p lic a tio n  ra te  to  low le v e l s  

was stud ied  to  a lim ite d  exten t (Tables 2 and 3) at t h i s  

s ta g e . From the encouraging r e s u lt s  obtained a new method 

o f threshold  determ ination was evolved . This i s

described  in  d e ta il  in  chapter IX.

U ntil recen tly  th e  p r o te c t iv e  value of r e f le x  responses 

have been o f l i t t l e  p r a c t ic a l a p p lica tio n  as th e rate o f

a p p lica tio n  of a c c e le r a tio n  in  a ir c r a f t  manoeuvres has been

h igh , and in  combat slow  manoeuvres are precluded.

However, at high a lt i tu d e s  n av iga tion a l manoeuvres at high  

speed can be carried  out at moderate _£ le v e ls  although of 

f a ir ly  long duration . Obviously in  th ese  cases where the  

rate o f  a p p lica tio n  of j£ i s  not so  important and can be 

varied  at w i l l ,  t h i s  p h y sio lo g ic a l fa c to r  should be 

considered in  r e la t io n  to  such manoeuvres.



CHAPTER V .

THE ELECTROCARDIOGRAM DURING POSITIVE ACCELERATION.

In th e  ea r ly  s ta g es  o f  op eratin g  the human cen tr ifu g e  

o b je c t iv e  methods o f m onitoring the su b jec ts  rea c tio n s  to  

were required , p a r t ly  as a sa fe ty  p recau tion  and p a r tly  to  

provide b a s ic  data fo r  fu tu re  experim entation . E a r lie r  

in v e s t ig a to r s  (Rose, Herr and Kennedy 1942, Gauer 1950) had 

d iscu ssed  p u lse  rate responses to  w h ile  Zuidema, Cohen, 

Silverm an and R iley  (l95b) d escrib ed  gross ab n orm alities of 

card iac rhythm occurring under a s so c ia te d  w ith T wave 

changes. These they  a ttr ib u te  to  m yocardial anoxia . On 

the b a s is  o f th ese  ob serva tion s i t  was decided  that the  

electrocardiogram  should be recorded ro u tin e ly  during  

a c c e le r a t io n .

The prelim inary s tu d ie s  on the e lectro ca rd io g ra p h ic

changes with g were ca rr ied  out in  conjunction  w ith*
J. T. Fixzsim ons and th e  r e s u lt s  o f  th ese  p i lo t  

experim ents have a lready been p u blish ed  (Browne and 

F itzsim ons 1959)*

The normal electrocard iogram .

The electrocardiogram  rep resen ts the e le c t r ic a l  changes 

ta k in g  p la ce  in  the heart muscle during the cardiac c y c le .  

The rep resen ta tio n  v a r ie s  w ith th e  p o s it io n  o f th e  

recording e le c tr o d e s . The conventional l e t t e r  by which the  

p o te n t ia ls  are id e n t i f ie d  i s  shown in  th e  accompanying



diagram. The f i r s t  wave (P) rep resen ts the passage o f the

e le c t r ic a l  im pulse through the 

a u r ic le s  and i t s  magnitude and 

d ir e c t io n  vary with th e p o s it io n  o f  

th e  recording e le c tr o d e . The second wave form (the  

QRS complex) rep resen ts the passage of the im pulse through  

th e  bundle o f His and the v e n t r ic le s .  The convention for  

le t t e r in g  th is  complex i s  th a t any i n i t i a l  n egative  

d e f le c t io n  i s  la b e l le d  _Q, the f i r s t  p o s it iv e  d e f le c t io n  R, 

and any subsequent n eg a tiv e  d e f le c t io n  S. I f  th ere  are two 

p o s it iv e  d e f le c t io n s  they are designated  B. and R.̂ , 

s im ila r ly  and waves may occur. However Q_ may be absent 

but d u p lica tio n  i s  never observed. The T wave which fo llo w s  

th e  QRS complex represents the p a ssin g  o f f  o f  the im pulse 

as the heart returns to  i t s  r e s t in g  s t a t e .  As w ith  the other  

wave form s, i t s  magnitude and d ir e c t io n  depends on th e  

p o s it io n  o f th e  record ing e le c tr o d e .

The PR in te r v a l ,  the tim e from P to  the f i r s t  

d e f le c t io n  o f th e  QRS complex, be i t  or E., rep resen ts th e  

tim e taken  fo r  th e  impulse to  spread to  th e v e n tr ic le s  from 

th e s in o -a u r ic u ia r  node and t h is  i s  the measure o f the  

a u r ic u la r -v e n tr ic u la r  conduction tim e.

Inform ation as to  th e h ea lth  o f th e  v e n tr ic u la r  

musculature can a lso  be ob ta ined . Since the QRS complex 

rep resen ts the passage o f an impulse through th e  v e n tr ic le s
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w h ile  th e T wave (Tw) rep resen ts the p a ssin g  o f f  o f  t h is  

im pulse, t h e ir  a lg e b r a ic  sum should be zero and the ST 

ju n ction  should be i s o e l e c t r i c .  Any v a r ia tio n  from th is  

co n d itio n  rep resen ts an abnorm ality o f conduction^ t h is  

w i l l  be d escribed  in  more d e ta i l  in  chapter VI. When 

u sin g  un ipolar lea d s th e la b e l l in g  o f the QRS complex can be 

elaborated  by the use o f c a p ita l l e t t e r s  fo r  large  

d e f le c t io n s  and sm all l e t t e r s  fo r  sm all d e f le c t io n s .  This 

i s  i l lu s t r a t e d  in  f i g .  12 which shows ty p ic a l v e n tr ic u la r  

p attern s obtained from various su rfa ces  o f  th e  h e a r t. Thus 

from any unipnlar lea d  i t  i s  p o s s ib le  to  deduce which 

su rface o f th e heart i s  p resen tin g  and hence th e  

p o s it io n  o f th e  heart can be a sc e r ta in e d .

From th e  record ings of th e  E.C.G. we can ob tain  the  

p u lse  rate and much va lu ab le  in form ation  about th e  heart 

i t s e l f ,  i t s  p o s it io n , th e  s ta t e  o f th e  v e n t r ic le s ,  th e  

norm ality of' conduction , and most im portant, i t s  rhythm.

Methods and m a te r ia ls .

The method o f  e lec tro d e  placement and f ix a t io n  have 

already been described  (chaper I I ) .  In th e  f i r s t  s ta g e  o f  

th is  in v e s t ig a t io n , 78 su b jec ts  have carr ied  out 500 runs 

on the cen tr ifu g e  a t le v e ls  o f 3 .0 , 3*5 and 4.0j£. These 

su b jec ts  were drawn from two sources

(a) Experienced cen tr ifu g e  su b jec ts  from th e  

I n s t i tu te  o f A via tion  M edicine S ta f f .
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(b) Inexperienced  su b jec ts  drawn from th e general 

d u tie s  branch o f  the R.A.F.

The cen tr ifu g e  runs la s te d  fo r  15 seconds at peak _g, 

the tim e taken to  reach peak g  and to  return to  re s t  

b ein g  9 seconds each. The ra tes  o f  a p p lica tio n  o f g  

v a ried  from l .O g /s e c .  to  3.6_g/sec.

R esu lts .

During p o s it iv e  a c c e le r a tio n  the heart ra te  in c r e a se s .

The r e s u lt s  are shown in  Table 4> broken down in to  

experienced  and in experienced  su b je c ts . The maximum p u lse  

ra tes  reached and the tim e to  reach maximum p u lse  ra te  from 

the s ta r t  o f th e run are shown fo r  experienced  and 

inexperienced  su b jec ts  at d if fe r e n t  le v e l s  o f g .  The 

variance i s  given  as + 1 .0  S.D.

£

B j f  S f  : S
r~ I©,; '

1%,'i 
~  a . 3

■i M
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TABLE 4 .

CHANGES IN PULSE BATE DURING POSITIVE £ .

Experienced Subjects

<Ho•o*25 R estin g Max. Percentage Time
£ s u b je c ts . p u lse p u lse in crease to

ra te rate in  r a te . max.
per min. per min. se c .

3 .0 12 76± 97 ± 25-5 16 .6
5 .2 7 .1 t  3 .3

3 .5 11 85 ± 121 ± 4 2 .3 1 4 .3
10 .7 1 3 .5 t  2 .3

4 .0 3 77 * 114 ± 4 8 .0 16.1
3 .6 1 .6 t  1 .6

Inexperienced Subjects

£
No. o f  
su b je c ts .

R esting  
puls e 
rate
per min.

Max.
p u lse
rate
per min.

Percentage  
in crease  
in  r a te .

Time
to
max.
se c .

3 .0 20 82 -  
8 .7

120 
-  12 .1

47 .4 12.1  
± 2 .3

3 .5 20 86 ± 
8 .4

127 
± 14 .7

4 8 .5 1 3 .9  
± 2 .3

4 .0 12 83 t  
9-9

129
t  1 0 .5

55.8 14 .6  
± 3 .2



At 3 .0 |[  the d iffe r e n c e  in  maximum p u lse  ra te  bet ween 

experienced  and Inexperienced  su b jec ts  i s  s ig n if ic a n t  at 

the lj£ l e v e l ,  but at 4 * l£  th ere i s  no s ig n if ic a n t

d if fe r e n c e  between the two groups. Likewise th e  tim e to  

maximum p u lse  ra te  shows a s ig n if ic a n t  d iffere n c e  at th e

0 .2fo l e v e l  at 3 .0j; between experienced  and inexperienced  

su b je c ts  but no d iffe r e n c e  at h igh er j? l e v e l s .  The p u lse  

ra te  does not b eg in  to  r i s e  im m ediately the j£ commences but 

la g s  behind, o ften  only s ta r t in g  to  r is e  a f te r  peak jg_ has 

been reached. I t  w i l l  be seen  from th e  above f ig u r e s  th a t  

maximum p u lse  r a te s  were always reached between 3 and 7 

seconds -after peak g . F o llow in g  t h i s  peak th e  p u lse  rat© 

In v ariab ly  shows a .decrease fo r  th e  l a t t e r  h a lf  o f  th e  run. 

C essa tion  o f  th e  I s  fo llo w ed  by bradycardia, the ra te  b e in g  

l e s s  than th e  r e s t in g  v a lu e .

The IS  in te r v a l was measured from some records a s  a  

check on a u r lc u lo —v e n tr ic u la r  conduction during The

r e s u lt s  are  shown i n  Table %
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TABLE 5.

THE EFFECT OF £  OH THE PR INTERVAL.

Each fig u r e  i s  th e mean o f  f iv e  o b serv a tio n s .

S ta t ic Stage of a cce lera tio n •

& P.R. (tim e from s ta r t  o f a cce le r a tio n )
se c . 0 2 .5 7 .5 12 .5 17 .5 22.5

se c . se c . se c . sec . se c . se c .

3 .0 0 .15 0 .1 5 0 .13 0.125 0 .12 0 .13 0 .14

3 .5 0 .14 0.128 0 .1 2 0.11 0 .10 0.11 0.125

4 .0 0.137 0 .14 0 .125 0 .12 0.112 0 .12 0.13

4 .5 0 .14 0 .1 3 0 .1 2 0.105 0 .10 0 .12 0.13

5 .0 0 .1 4 0 .14 0 .1 2 0.10 0 .10 0.11 0 .12

A n alysis  of variance shows th a t the sample was a 

rep resen ta tiv e  one and th at the change in  P.R. in te r v a l  

during £  i s  s ig n if ic a n t  at th e  0 .1 % l e v e l ,  as was a lso  the  

p ro g ress iv e  change in  PR in te r v a l w ith  h igher £  l e v e l s .

I t  w i l l  he seen th a t the PR in te r v a l "began to  return to  

normal va lu es before th e end o f the £  run. This corresponds 

to  the behaviour o f  the p u lse  rate which a lso  seems to  

d ec lin e  w hile the a c c e le r a tio n  i s  s t i l l  being a p p lied .

Throughout the s e r ie s  a l l  PR in te r v a ls  f e l l  w ith in  the  

normal range o f 0 .1  -  0 .2  seconds, in d ic a t in g  th a t th ere was no 

abnorm ality o f A -V  conduction.



The cause of the in crease  in  p u lse  ra te  i s  

th e  f a l l  in  blood pressure at head l e v e l  which occurs  

during a c c e le r a t io n .

On three v o lu n teers  blood pressure was measured in  th e  

ra d ia l artery  a t eye le v e l  and the r e s u lt s  co rre la ted  w ith  

changes in  heart r a te . F ig . 10 shows a ty p ic a l record.

As th e b lood p ressure f a l l s  there i s  cardiac  

a c c e le r a t io n . The blood pressure reaches a minimum and then  

r i s e s ,  f in a l ly  s t a b i l i s i n g  a t a le v e l  in te m e d ia te  between 

the r e s t in g  va lu e and th e  minimum which occurs at th e  

beginn ing o f th e  run. The p u lse  ra te  c lo s e ly  r e f l e c t s  

th e se  b lood p ressure changes, f a l l in g  as th e  pressure r i s e s  

and s t a b i l i s in g  a f t e r  6-10 seconds at peak £ .

In t h is  s e r ie s ,  which included  a numoer o f  runs to  

5*0£ and sev era l at low er £  l e v e ls  o f up to  5 minutes 

duration , th ere  were no abnorm alities o f  cardiac rhythm 

apart from an o cca sio n a l e x tr a sy s to le  which occurred randomly 

and u n related  to  £ • When sin u s arrhythmia was presen t at 

r e s t  i t  was freq u en tly  accentuated  under £ .

In v iew  o f th e  e a r l ie r  observations on changes in  the  

wave forms th e  records were c a r e fu lly  sc r u t in is e d  fo r  th ese  

c h a r a c te r is t ic s .  The T wave changes which were found by other  

workers were a lso  found in  th is  s e r ie s  o f  o b serva tion s.

The changes across th e  un ipolar chest lead s varied  from
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su bject to  su bject but th e  tr a n s it io n  p o in t o f unchanged T 

waves was u su a lly  in  th e  region  o f V2 “ v3« There was no 

evidence o f Tw in v er s io n  in  any su b jec t.

A ssocia ted  w ith  th ese  changes th ere were changes in  the  

QRS complex. These a ls o  showed a la rg e  su b ject v a r ia tio n  but 

th ere  was a c e r ta in  b a s ic  p attern  about a l l  o f them. There 

was th e development o f waves in  sev era l le a d s , most commonly 

in  aVF. In general th ere was an in crea se  in  amplitude o f  

aVL and aVF, an RS p a ttern  changing to  an Rs. In creases in  

am plitude were a lso  frequent in  and Examples o f th ese

changes are shown in  f i g .  13. When view ing These tra ce s  

a comparison springs to  mind. The changes are very s im ila r  to  

th o se  induced by r e sp ir a t io n . F ig . 14 shows th e  changes due to  

r e sp ir a t io n  exaggerated by the su b ject b reath ing  at maximum 

depth. I t  w i l l  be seen th a t both show th e same c h a r a c te r is t ic s .  

Since r e sp ir a t io n  becomes deeper and more rapid during  

a c c e le r a t io n  ( f i g .  15) i t  i s  e a s i ly  seen th a t many changes 

p rev io u sly  describ ed  as due to  a c c e le r a tio n  may be in  fa c t  

r esp ira to r y . However, even a llow in g  fo r  errors due to  

r e sp ir a t io n  th ere  are changes in  the E.C.G. s im ila r  to  th o se  

occurring  in  in s p ir a t io n . The changes in  in s p ir a t io n  are due 

to  low ering of the diaphragm causing descent and ro ta tio n  of 

the h ea r t. I t  has been shown (Ruff and Strughold 1939>

Rushmer 1944) th at £  a lso  produces low erin g  o f the diaphragn, 

accompanied by descent o f the h ea rt. This may amount to  as 

much as 6 cm. at 5i£ (Rushmer 1944)• I t  th ere fo re  seems



reasonable to  presume that th e changes in  Q.R.S. complexes 

and T waves are p o s it io n a l in  o r ig in  as in  normal 

in s p ir a t io n . C onsidering a l l  lead s to g e th e r , th ere  have been  

no changes in  th is  s e r ie s  o f runs which could be 

a ttr ib u te d  to  m yocardial anoxia .

When measuring to lera n ce  to  a c c e le r a t io n  by a v isu a l  

th resh o ld  i t  i s  important to  consider cardiac compensation.

I f  th e  measurement i s  made when peak g  i s  reached then  

recovery w i l l  occur at a v a r ia b le  tim e (6-10 seconds) 

th e r e a fte r  aue to  compensatory card iac r e f le x e s  (assuming 

r a te s  o f  a p p lic a tio n  or up to  4g / s e c . ) » The more usual 

p r a c tic e  in  t h i s  lab oratory  i s  th erefo re  to  measure 

th resh o ld  10 seconds a f te r  peak g ,  Since h igher  

th resh o ld s  are obtained with slow er ra tes  o f a p p lic a tio n  of 

g ,  presumably due to  the more adequate tim e a v a ila b le  

fo r  card iac com pensation, i t  was decided to  in v e s t ig a te  

card iac and blood pressure responses to  a ra te  o f change o f 

a c c e le r a t io n  of O .lj^ se c . Seven experienced cen tr ifu g e  

su b jec ts  were used fo r  t h is  in v e s t ig a t io n . Each subject carr ied  

out 5 runs per day fo r  5 days. On each run a lea d  I  E.C.G. 

was recorded and analysed  fo r  p u lse  rate changes. The ra te  of

records were analysed fo r  the r e la t io n  between change in  p u lse  

rate  to  change in  g .

change o f a c c e le r a tio n  was such th a t from

th resh o ld  le v e l  the g j t  curve was l in e a r .  S ectio n s o f  th e



Several records o f  'blood pressure a t eye le v e l  were 

obtained  during th ese  runs by th e  method describ ed  in  

chapter I I .

TABLE 6 .

CHANGES IN PULSE RATE DUBING 
THE APPLICATION OP £  AT 0 .l£ /s e c „

Subject.
No. o f  
runs.

Mean
r e s t in g
rate
per min.

Mean
f in a l
rate
per min.

Increase  
in  p u lse  
rate
per min.

tg t
Increase  
in  p u lse  
rat e /£  
per min.

P.G. 23 91.1 107.0 15.8 3 .02 5 .2

G.H.B. 20 79.1 97 .3 17.6 3.29 5.36

M.K.B. 18 75 .2 88 .7 13 .6 3 .13 4 .3 6

N.L.A. 19 94 .5 109.2 14.8 3.28 4 .4 5

C.McE. 6 79.7 95.5 15.8 2.67 5 .92

J.C.G. 13 8 4 .2 99.7 1 5 .5 2.71 5.67

A.C. 8 8 0 .3 100.9 20.6 3.17 6.48
1

I t  w i l l  be seen  th a t th e in cr ea se s  in  p u lse  ra te  are low er  

than th o se  obtained u sin g  the conventional r a te s  o f a p p lic a tio n  

of 1 .0  -  4*0j^ sec. A ty p ic a l  graph obtained i s  shown in  

f i g .  16 . I t  w i l l  be seen  th a t from 1 .0  -  1.4f£ th ere  i s  great 

v a r ia tio n  in  the p u lse  r a te .  This i s  the p eriod  during which 

th e  £ / t  r e la t io n sh ip  i s  not l in e a r  and th ere  i s  a la rg e  

ta n g e n tia l component in  the a c c e le r a t io n . A fter  1.4j£ i s  reached  

th ere  i s  a continuous r is e  in  p u lse  ra te  w ith  £ .  The abrupt
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changes in  ra te  seen w ith cams o f l - 4 g / s e c .  are not 

ev ident when u sin g  a ra te  o f  r i s e  o f £  o f  O .lg /s e c .  Thus 

th ere i s  a co n sta n tly  in cr ea sin g  degree o f cardiac  

com pensation. The records were fu rth er  examined to  

determine i f  the ra te  o f  in crease  o f p u lse  ra te  w ith £  was 

l in e a r .  The p o rtio n  of the records below 1.4j£ were 

n eg le c ted  as the a c c e le r a t io n s  at th ese  low le v e l s  are 

complex and do not r e a l ly  concern u s . Above 1.4j£ sm all 

increm ents o f £  were measured w ith the corresponding in crease  

in  p u lse  r a te . A reg r essio n  l in e  was derived  fo r  th ese  two 

v a r ia b le s , the r e s u lt s  fo r  a l l  su b jec ts  were in clud ed . I t  

was found that th ere  i s  a s ig n if ic a n t  l in e a r  re la tio n sh ip  

between the in crea se  in  p u lse  rate and th e  in crease  in  

a c c e le r a t io n . The formula o f  th e  reg r essio n  l in e  i s

Y = 6.369 + 5.0875 (x -  0 .9618)

and the c o e f f ic ie n t  b = 5*0875 (S .E . ^ 0 .3 4 ) .  This l in e  i s  

shown in  f i g .  17.

As might be expected the records o f  blood p ressure obtained  

showed th a t the blood pressure a ls o  f e l l  in  a l in e a r  fa sh ion  

w ith t h is  type o f jg/time p a ttern . These r e s u lt s  are shown in  

f i g s .  18 and 19 .

D iscu ssion :

When subjected  to  p o s it iv e  a c c e le r a t io n  a l l  su b je c ts  show 

an in crea se  in  p u lse  r a te . One cause of t h i s  in crea se  i s  a f a l l  

in  pressure in  th e  p ressure s e n s i t iv e  areas o f  the ca ro tid  s in u s .



In f i g .  10 i t  may be seen  th a t th e faljl^Ln hlood. pressure  

precedes the r is e  in  p u lse  r a te . Another p o s s ib le  cause 

however i s  an adrenal m edullary response to  s t r e s s .  At 

3«0g th ere  i s  a s ig n if ic a n t  d iffe r e n c e  in  th e  maximum p u lse  

ra te s  reached by experienced  and inexperienced  su b je c ts . I f  

th e f a l l  in  blood pressure in  th e ca ro tid  sin u s was th e  on ly  

fa c to r  causing tachycard ia  there would be l i t t l e  d iffe r e n c e  

between the groups. However, the fa c t  th at at 3«0£ 

inexperienced  su b jec ts  show an e a r l ie r  and grea ter  pu lse rate  

response su ggests  th at in  th ese  su b jec ts  other mechanisms 

play  a greater  p a r t. Two fa c to r s  suggest them selves, f i r s t  

an involuntary  t ig h te n in g  o f th e abdominal and le g  

musculature which tends to  in crea se  venous return to  the h ea rt, 

and second ly , r e le a se  o f  adrenal m edullary hormones r e su lt in g  

from apprehension a t b e in g  su b jected  to  an unusual manoeuvre. 

There i s  some ev id en ce fo r  the former in  th at inexperienced  

su b jec ts  show more muscle a r te fa c t  on the record in gs, w hile  in  

support o f  the l a t t e r ,  von Euler and Lundberg (1954) have 

shown an in creased  urinary output o f catechol amines in  

in exp erien ced  personnel when f ly in g .  At h igh er £  l e v e ls  where 

a maximum response i s  required  on haemodynamic grounds, th e  

d iffe r e n c e  in  maximum p u lse  ra te  tends to  disappear, though 

inexperienced  su b jec ts  s t i l l  tend to  reach maximum p u lse  ra tes  

sooner, su g g estin g  that apprehension i s  s t i l l  having a 

s ig n if ic a n t  e f f e c t .  The tim es between peak £  and maximum 

pu lse  ra te s  reached are o f  the same order as those reported



by Rose, Kerr and Kennedy (1942 ). I t  should be noted th a t the  

duration  o f run up to  peak £ ,  9 seconds, should be 

su btracted  from the p resen t r e s u lt s  fo r  comparison.

As has been p oin ted  out in  chapter IV, t h is  type o f  

blood p ressure and p u lse  ra te  response lead s to  d i f f ic u l t y  

in  e stim a tin g  to ler a n c e  by v isu a l means. Thus the question  

a r is e s  o f where to  measure v isu a l l o s s .  Should i t  be when 

the blood pressure reaches a minimum, or the pu lse rate a 

maximum, or subsequently , when both are ten d in g  to  reach 

equilibrium ? The cause o f th e  secondary r is e  in  blood  

pressure i s  the f u l l  development o f  the ca ro tid  and a o r t ic  

pressure reflexes*, t h is  in  turn lea d s to  a slow in g  o f the  

p u lse . Thus the 5 to  10 seconds taken fo r  the maximum p u lse  

rate  to  develop rep resen ts the time course o f  th e  r e f le x .

I f  th e  r e f le x  were f u l ly  op erative  then the abrupt f a l l  in  

blood p ressure would not occur and th e problem o f tr a n s ito r y  

v is u a l symptoms would not a r is e .  Since the r e f le x  tim e can 

not be a lte r e d  i t  seemed p o ss ib le  th a t by slow ing the onset o f  

the a c c e le r a tio n  adequate tim e would be allow ed fo r  th e f u l l  

development o f the r e f le x  and the abrupt changes in  blood  

pressure and p u lse  would be a b o lish ed . ’Alien a l in e a r  rate  

o f  a p p lic a tio n  o f £  o f O .lg /s e c . was used th e  r e s u lt s  

confirmed th e  above reason ing. The blood pressure f e l l  

smoothly and gradually  showing no tendency to  a secondary r i s e .  

S im ila r ly  the p u lse  ra te  rose l in e a r ly  w ith  the £  and



continued to  r is e  w ith  in c r e a s in g  £ .  At any £  le v e l  on the  

graphs the va lu es o f b lood pressure are h igh er than th ose  

obtained w ith the more conventional r a te s ,  showing th a t a 

degree o f p r o te c tio n  i s  being afforded  by the c ir c u la to r y  

r e f le x  a c t iv i t y .  In fa c t  u sin g  th is  ra te  o f  a p p lic a tio n  

su b jec ts  have m aintained 8 .0 £  fo r  up to  60 seconds which was 

p rev io u sly  thought to  be beyond unprotected human to le r a n c e .

The PR in te r v a l v a r ie s  in v e r se ly  as the pu lse rate  

(Goldberger 1953) and in  th is  s e r ie s  behaved as p red ic ted , 

in d ic a t in g  th ere  was no abnorm ality o f A-V conduction. This 

agrees w ith the r e s u lt s  o f Gauer and W ieckert 1944.

S ince th is  experiment a fu rth er  thousand cen tr ifu g e  runs 

have been carr ied  out w ith E.C.G. record in gs, and o f the  

t o t a l  f i f t e e n  hundred runs only one case o f cardiac  

arrhythmia has occurred, (see  part I I ,  chapter I I I ) ,  apart 

from sin u s arrhythmia which i s  r e la t iv e ly  common and i s  

accentuated  by £ .  This agrees w ith th e  f in d in g s  o f Pryor, 

S iek er and McWhorter (1952) who s ta te  th a t at l e v e ls  of £  

in s u f f ic ie n t  to  cause v is u a l symptoms there were no cardiac  

ab n orm alities . I t  i s  d i f f i c u l t  to  r e c o n c ile  th ese  r e s u lts  

w ith th o se  of Zuidema, Cohen, Silverman and R iley  (1956) who 

say , ’’four out o f f iv e  su b jec ts  showed arrhythmias at h igh  

£  l e v e l s .?  T his myocardial i r r i t a b i l i t y  may be a ttr ib u te d  to  

a r e la t iv e  coronary in s u f f ic ie n c y  w ith maximum coronary flo w  

proving to  be inadequate fo r  a m assive work lo a d .”

at 4 g t o  fo r  60 seconds.



It might he th a t th ese  su b jec ts  were o ld er  or in  poor 

h e a lth , however, Bondurant (personal communication) 

repeated t h is  work one year la t e r  w ith th e  same su b jec ts  

and th e  same runs, and f a i le d  to  confirm  Zuidema’s r e s u lt s .

I t  i s  th ere fo re  f a i r  to  sa y  th a t th ere  i s  no evidence o f 

card iac ir r e g u la r ity  at le v e l s  o f £  which occur in  everyday 

f l i g h t .

There were changes in  the form o f  the T wave as described  

by previous workers (Rose, Kerr and Kennedy 1942, Gauer 1950, 

Zuidema, Cohen, Silverman and R iley  19 5 6 ). These changes in  

th e T waves are analogous to  th o se  found in  r e sp ir a tio n  and 

on assum ption o f the erect posture ( f i g .  2 0 ). They would 

th ere fo re  appear to  be p o s it io n a l in  o r ig in , although  

Simonson, Nakagawa and Schmitt (1957) say th a t the E.C.G. 

changes during r e sp ir a tio n  are s ig n if ic a n t  but can not be 

exp la ined  on p o s it io n a l changes a lo n e . The e f f e c t  ox 

r e sp ir a t io n  appears to  have been la r g e ly  n eg le c ted  in  th e past 

ana y et resp ira to ry  ana p o s it io n a l v a r ia tio n  can ex p la in  the  

T wave changes e n t ir e ly .  There was no evidence in  any record  

of myocardial anoxia or v e n tr ic u la r  s t r a in .  I t  must be 

remembered th a t changes in  th e  T waves a lone are o f l i t t l e  

d ia g n o stic  s ig n if ic a n c e , they must be considered  in  r e la t io n  

to  th e  RS-T segment in  m u ltip le  le a d s .

Summary.

There i s  a r is e  in  p u lse  ra te  w ith £ .  The r is e  occurs



e a r l ie r  and to  a grea ter  exten t w ith in exp erien ced  su b jec ts  

probably due to  apprehension. The changes in  p u lse  ra te  can 

be r e la te d  to  th e  behaviour o f th e  a r te r ia l  blood p ressu re .

U sin g .a  lin e a r  ra te  o f  a p p lic a tio n  o f  £  o f O .lg /s e c . th e  

in crea se  in  p u lse  ra te  as a fu n ctio n  of £  becomes l in e a r .

This in crease  i s  sm aller  than that occurring  w ith f a s t e r  ra te s  

o f a p p lic a t io n  and i s  thought to  be due to  the f u l l  

development o f th e  card iovascu lar r e f le x e s .  A s ig n if ic a n t  

degree o f  p ro tec tio n  i s  th erefo re  to  be a n tic ip a te d  from 

th is  typ e o f  run. Similarly the a r te r ia l  blood pressure at eye 

l e v e l  shows a l in e a r  f a l l  w ith in cr ea sin g  £ ,  and the f a l l  in  

pressure at any £  le v e l  i s  sm aller than w ith fa s t e r  ra tes  o f  

a p p lic a t io n .

In 1 ,500 runs th ere  has been only one gross cardiac  

arrhythmia and i t  i s  concluded th a t t h is  i s  not a normal 

hazard to  be encountered in  f l i g h t .  Sinus arrhythmia was not 

uncommon a t re s t and when present was accentuated  by the £ .

Changes in  T waves were found, th ese  are thought to  be 

la r g e ly  p o s it io n a l and resp ira to ry , and not r e la te d  to  

m yocardial damage.



CHAPTER V I.

CHANGES IN THE ELECTRICAL AXIS AND THE 
VECTORCARDIOGRAM DURING ACCELERATION.

The in te r p r e ta t io n  o f  e lectro ca rd io g ra p h ic  changes 

has in  th e  past been d e sc r ip t iv e  and su b je c t iv e , u s in g  

terms which are not capable o f p r e c ise  d e f in it io n .  The 

in tro d u ctio n  o f  u n ip olar lea d s  has overcome th ese  

d i f f i c u l t i e s  to  some ex ten t and allow ed in te r p r e ta t io n  to  

be based on e s ta b lish e d  p h y s io lo g ic a l p r in c ip le s .  This 

improved understanding o f th e  u nderly ing  physio logy  has le d  to  

attem pts to  an alyse tr a c e s  m athem atically . The three most 

important methods which have gained acceptance are : -

1 . The d er iv a tio n  o f th e  e le c t r ic a l  a x is .

2. The c a lc u la t io n  o f  v e n tr ic u la r  grad ien t.

3. V ectorcardiography.

The e le c t r ic a l  a x is  i s  a rep resen ta tio n  on one plane of

the body o f th e  in stan taneous d ir e c t io n  and magnitude o f the

resu lta n t e l e c t r ic a l  im pulse p a ssin g  over th e  h e a r t . I t  i s  

th ere fo re  a v ec to r  q u a n tity . Normally the a x is  measured i s  th e  

major e le c t r ic a l  a x is ,  th a t i s ,  th e  a x is  derived  from the  

maximum p o te n t ia l ,  the jR or S_wave. However, a b e t te r  method 

i s  the d er iv a tio n  o f the mean instan taneous e l e c t r ic a l  a x is  

in  which the area o f th e  whole QRS complex i s  used as a 

co -o rd in a te . By choosing lea d s which are at r ight an g les to  one 

another, e .g .  lead  I and aVF, and using the QRS p o te n t ia ls  of 

each as co -o rd in a tes , a v ec to r  can be drawn which represents



the e le c t r ic a l  a x is  o f the h ea rt. The methods o f  

d er iv a tio n  are standard procedures and w i l l  not he d iscu ssed  

h ere . There are c e r ta in  conventions ap p ly in g  to  th e  

p o la r ity  o f  the c o -o rd in a tes , th ese  are shown in  f i g .  21.

By s e le c t io n  o f s u ita b le  lead s the e le c t r ic a l  a x is  can be 

represented  on any plane o f the body, the one most 

commonly used i s  th e  p ro jec tio n  on to  th e fro n ta l p la n e .

The two major l im ita t io n s  o f th is  technique are

(a) The heart i s  three dim ensional as i s  i t s

e le c t r ic a l  a x is  but the above rep resen ta tion  

i s  on ly  a p r o je c tio n  o f i t  on to  a two 

dim ensional su r fa ce .

0>) The e l e c t r ic a l  a x is  i s  c o n tin u a lly  changing as 

th e  im pulse spreads over the heart whereas i t  

i s  only measued a t one in s ta n t ,  the peak o f _R or 

_S or, in  th e  case o f  th e  mean a x is ,  i s  averaged  

over a whole complex.

In s p it e  o f th ese  l im ita t io n s  the a n a ly s is  i s  u se fu l and 

in  common u se . However, the normal range i s  from -9 0 °  to  

+150o , depending on th e  p o s it io n  o f th e  heart in  regard to  

i t s  th ree axes and th e method cannot th ere fo re  d if f e r e n t ia te  

normal v a r ia tio n s  from v e n tr ic u la r  hypertrophy. I t s  main use 

i s  in  comparative work where changes in  th e  p o s it io n  o f th e  

heart are b e in g  in v e s t ig a te d .



The v e n tr ic u la r  gradient rep resen ts th e r e la t io n  

between th e  mean e l e c t r ic a l  a x is  o f QRS and th e mean 

e le c t r ic a l  a x is  o f  the RS-T and T. Thus i f  a s tr ip  o f  

muscle returns to the r e s t in g  s ta te  in  the same d ir e c t io n  

as i t  was stim u lated  th e se  va lu es are equal and op p osite  

and th e  v e n tr ic u la r  gradient i s  zero . In the heart th e Tw 

norm ally p o in ts  in  th e  same d ir e c t io n  as QRS showing that 

the heart returns to  i t s  r e s t in g  s ta te  in  a d iffe r e n t  d ir e c t io n  

to  th a t in  which i t  was stim u la ted . Thus th e heart normally 

has a f i n i t e  v e n tr ic u la r  grad ien t. Any change in  th is  

gradient w i l l  r e f le c t  an a lte r a t io n  in  the s ta te  o f the  

muscle and i s  u se fu l in  in te r p r e tin g  T wave changes (Houssay

1955) .

It has been poin ted  out above th at th e  e l e c t r ic a l  a x is  

rep resen ts only a s in g le  point in  the changing e le c t r ic a l  

p attern  o f  the h e a r t. I f  su ccess iv e  p o in ts  are taken in  the  

QRS complexes o f  two le a d s  then a s e r ie s  o f  e l e c t r ic a l  axes  

may be drawn which represent the changing d ir e c t io n  o f the  

im pulse. I f  an in f in i t e  number o f th ese  are taken then a 

s o l id  f ig u re  r e s u lts  whose o u tlin e  i s  th e  change in  

e l e c t r ic a l  a x is  o f the h ea rt, t h is  f ig u r e  i s  the  

vectorcardiogram . I t  can be appreciated  th erefo re  that by 

d er iv in g  severa l e l e c t r ic a l  axes and jo in in g  t h e ir  ends to  

form a loop a vectorcardiogram  i s  obtained (c a lle d  a 

derived  vectorcardiogram ). The la r g e r  the number of p o in ts  

used the c lo se r  w i l l  the r e s u lt in g  loop approximate to  the



rea l c o n d itio n . However by d isp la y in g  the two E.C.Gs, on 

the axes o f a cathode ray o sc illo sc o p e  a continuous loop  

i s  obtained  d ir e c t ly ,  t h i s  i s  c a lle d  th e d ir e c t  

vectorcardiogram  (V .C .G .) .

The V.C.G. s u ffe r s  from the same d efect as the  

e l e c t r ic a l  a x is ,  namely th a t i t  i s  a two dim ensional 

rep resen ta tio n  o f a th ree dim ensional p a ttern . This i s  

obviated  to  some ex ten t by ob ta in in g  V.C.Gs. in  three p lanes  

at r igh t an g les to  each oth er from which the s p a tia l f ig u re  

can be in fe r r e d . The th ree p lanes used in  th e body as the  

f r o n ta l ,  h o r izo n ta l and s a g i t t a l .  The p o la r i t ie s  are 

arranged so that th e s a g i t t a l  p lane i s  viewed from the l e f t  s id e  

and the h or izo n ta l p lane i s  viewed from below. R otation of  

th e heart about i t s  axes causes changes in  th e shape, area and 

d ir e c t io n  o f  r o ta t io n  o f th e v ec to r  loop .

These three mathematical an alyses o f  the E.C.G. were 

used in  t h i s  study in  an attempt to  determine th e changes in  the  

h e a r t 's  p o s it io n  d u r i n g s i n c e  th ere  were no f a c i l i t i e s  fo r  

X-ray in v e s t ig a t io n .



TABLE 7 .

MEAN Q .B.S. VOLTAGES AND DERIVED VECTORS 
DURING NORMAL RESPIRATION AND UNDER 3&.

Phase o f Amplitude D irec tio n  (degrees)
S u bject. £L re sp ir a tio n I aVF 7 l F rontal S a g it ta l H orizontal

R.B.
1 .0 In sp ir a tio n

E xp iration
438
378

588
500

750
638

+ 57 
+ 57

+ 137.5
+136

-59
-159

3 .0 In sp ir a tio n
E xp iration

281
316

696
509

794
691

+70
+63

+133
+140

-70
-6 4 .5

1 .0 In sp ir a tio n
E xp iration

325
334

234
334

1150
193

+ 50 
+44.5

+161
+160

-73
-7 0 .5

; P.H. 
i 3 .0 In sp ira tio n

E xpiration
389
343

287
390

1050
967

+ 52 
+62

+154
+145

-7 0 .5
-6 9 .5

J .F .
f

\i

1 .0 In sp ir a tio n
E xp iration

245
250

475
392

1008
1133

+65.5  
+ 60

+142
+133

-64
-66

3.0 In sp ir a tio n
E xpiration

100
179

450
383

900
1075

+79
+68

+140
+131

-77
-71

1 ---------------------

i

j N.K.

1 .0 In sp ir a tio n
E xpiration

300
487

475
450

1900
2050

+60.5
+ 50

+150.5
+153.5

-7 2 .5  j 
-6 6 .5

3 .0 In sp ir a tio n
E xpiration

287
275

1225
1075

2000
2050

+81
+77

+125.5
+129

-7 6 .5  !
- 7 4 .5  ;

f
1

| P.G.

1 .0 In sp ir a tio n
E xpiration

288
214

1000
800

1180
1120

+75
+76

+135
..+122i5

-67 1 
-6 9 .5

3 .0 In sp ira tio n
E xpiration

178
232

1050
800

1180
1650

+80
+77.5

+126
+127.5

-8 3 .5  ! 
-79  !

F.Z.

i

1 .0 In sp ira tio n
E xpiration

883
824

7 68 
616

1190
845

+46
+ 39 _

+141
+144

-5 3 .5
-4 6 .0

3 .0 In sp ir a tio n
E xpiration

650
765

821
608

813
940

+47.5
+42.5

+131
+143.5

-5 1 .5
-50

!
?

1 .0 In sp ir a tio n
E xpiration

660
590

304
232

1243
890

+ 27 
+24

+164
+163

-62
-5 6 .5

M.S.
3 .0 In sp ir a tio n

E xp iration
610
650

144
1-55

1180
857

+14
+17

+172
+168

-6 3 .5
-5 3 .5

.

M.K.B.

1 .0 In sp ir a tio n
E xpiration

536
547

177
132

676
605

+ 22 
+16

+162
+165

-51
-47

3.0 In sp ir a tio n
E xpiration

547
578

158
142

470
619

+19
+12

+165
+I64

-49  : 
-38 ,



Methods and M a ter ia l.

The e le c t r ic a l  a x is  'was obtained  from th e E.C.G. The 

lea d s  used were; fr o n ta l plane -  lea d s  I  and aVF; 

s a g i t t a l  plane -  lea d s  Vp and aVF; h o r izo n ta l plane -  

le a d s  I  and Vp. Since th e  lea d s  were a m ixture o f b ip o la r  

and augmented u n ip o lar lea d s  a co rrectio n  must be ap p lied  to  

the p o te n t ia ls  measured. Thus th e v o lta g e  o f  lea d  I  must be 

m u ltip lie d  by 1 .1 5  to  lie  compatible w ith aVF (Goldberger 1953). 

Lead Vp l i e s  in  c lo se  proxim ity to th e heart and s in ce  i t  

th ere fo re  records much h igher v o lta g e s  than the p erip h era l 

le a d s , a co rrec tio n  must be a p p lied . This i s  not capable o f  

p r e c ise  determ ination and on an a rb itrary  b a s is  i t  has been 

d iv id ed  by two as su ggested  by Goldberger (1953).

The vectorcardiogram s were obtained  by two methods. One, 

by th e  rectangu lar co -ord in ate  system o f d er iv a tio n  

(Goldberger 1953), th e  o ther by d isp la y in g  the loop on a C .R .0. 

and photographing i t .  The f i r s t  method i s  ted io u s and 

approxim ate, and although i t  c lo s e ly  resem bles the d ire c t tra ce  

( f i g .  2 2 ), i t  was d iscon tin u ed  and a l l  fu r th er  V.C.Gs. were 

d isp layed  on th e  C.R.O. Goldberger1s e lec tro d e  placem ents 

( lea d  1 , aVF and Vp) were used r o u tin e ly . In some e a r l ie r  runs 

Duchosal and S u lz e r ^  placem ents were t r ie d  hut abandoned because 

o f excess muscle a r t e fa c t .

In order that the phase o f  r e sp ir a tio n  be known when 

in te r p r e t in g  the r e s u lt s ,  i t  was arranged to  record



r e sp ir a t io n  by means o f a sm all thermocouple in  th e  nose. 

Changes in  thermal e .m .f .  due to  r e sp ir a tio n  were recorded as a 

low frequency wave form in  a s im ila r  manner to  the E.C.G.

Further refinem ents in  the techn ique o f  vectorcardiography  

were subsequently made and a sem i-autom atic dev ice  b u ilt  to  

s e le c t  one QRS complex only at a f ix e a  p o s it io n  in  th e  

resp ira to ry  c y c le .  This w i l l  be described  in  Part I I  in  

a s s o c ia t io n  w ith  the experiment fo r  which i t  was developed.

The cen tr ifu g e  runs were made at various l e v e l s  u sin g

A ll runs were o f 15 seconds duration u n less  otherw ise s ta te d .  

R e su lts .

1 . The E le c tr ic a l  A x is .

T able 7 shows th e  magnitude of th e  QRS complex during and 

at th e  peaks o f normal in sp ir a t io n  and ex p ir a tio n . A lso shown 

i s  the d ir e c t io n  of th e  m anifest in stan taneous e le c t r ic a l  a x is  

in  each p lane c a lc u la te d  from th e se  r e s u lt s .  These are a lso  

shown g rap h ica lly  in  f i g .  23a-d . Each r e su lt  i s  th e  mean o f  

th ree ob servation s fo r  i f  was ra re ly  p o s s ib le  t o  ob ta in  more 

than th ree f u l l  c y c le s  o f  r e sp ir a tio n  owing to  the short 

duration  o f th e runs. However th e  s c a t te r  was very narrow and 

f ig u r e s  fo r  th e  same phase o f re sp ir a tio n  were u su a lly  

id e n t ic a l .

constant tim e cams a llo w in g  4*5 seconds from



Out o f  th e  e ig h t su b je c ts , f iv e  had v e r t ic a l  h ea r ts , as  

judged from the e le c t r ic a l  a x is  ( i . e .  over +45° in  the front 

p la n e ), two had h o r iz o n ta l h earts ,an d  one su bject (F .Z .) was 

b o r d e r -lin e , 39 -46°. In a l l  su b jec ts  the range at l g  varied  

between + 16°(M.K.B.) and 7o° (P .G .) in  ex p ir a tio n .

R esp iration  has a marked e f f e c t  on th e  a x is  in  most c a se s . 

In th e fr o n ta l p lane the heart becomes more v e r t ic a l  w ith  

in s p ir a t io n . In th e  s a g i t t a l  plane a lso  th e  a x is  becomes more 

v e r t ic a l  although the movement i s  rather l e s s .  In two 

su b je c ts , R.B. and M .S ., the a x is  tended to  become h or izo n ta l 

by a n e g lig ib le  amount. In th e  h o r izo n ta l p lan e, viewed from 

below, the s h i f t s  are sm all. Two su b jec ts  show clockw ise  

ro ta t io n  and f iv e  show a n ti-c lo ck w ise  ro ta tio n , and th ere  i s  noo 

change in  one. There i s  no c o r r e la t io n  between the d ir e c t io n  

o f  movement and th e r e s t in g  mean p o s it io n  of th e h ea r t.

Under 3.g the resp ira to ry  changes are o f th e  same order 

as a t l g .  However, there i s  an o v era ll s h i f t  in  th e  mean 

a x is .

In a l l  the su b jec ts  w ith the excep tion  o f  the two w ith  

h o r izo n ta l h e a r ts , (M.K.B. and M .S .), th e  a x is  becomes more 

v e r t ic a l  under _g in  the fr o n ta l p lan e, more v e r t ic a l  in  the  

s a g i t t a l  plane and shows a n ti-c lo c k w ise  ro ta tio n  in  the  

h o r iz o n ta l plane when ro ta tio n  occu rs.

In th e two h o r izo n ta l cases th e a x is  su rp r is in g ly  becomes



more h o r izo n ta l in  th e fr o n ta l and s a g i t t a l  p la n es , and in  

the h o r izo n ta l p lane one ro ta te s  in  a clockw ise d ir e c tio n  

and th e o th er shows no r o ta t io n . These changes in  mean 

p o s it io n  are shown in  Table 8*

TABLE 8 .

CHA2IGE H  MEA1T ELECTBICAL AXIS OF THE HEABT AT 3£.
(POSITIT/E SIGHS SIGNIFY CLOCKWISE ROTATION).

S u b ject. F ron ta l. S a g it ta l . H orizonta l.

P.H. +10 -11 -2 .0

J .P . +11 - 1 .0 + 9.0
JJ.K. + 24 -2 5 + 6.0

P.G. +3 .0 -6 .0 +13.0

P .2 . + 2 .5 -5 .0 +2.0
B.B. + 9 .5 0 + 8 .0

M.S. -10 + 6 .5 - 1 .0

M.K.B. -4 + 1 .0 -6 .0

In  order to  tr y  and r e la te  th ese  changes in  e l e c t r ic a l  

a x is  to  a lte r a t io n s  in  th e  anatom ical p o s it io n  o f  the h ea rt, 

chest X—rays o f  th ree  su b jec ts  were taken in  f u l l  

in s p ir a t io n  and ex p ir a tio n . The lo n g  a x is  o f  th e  heart 

d erived  from th ese  radiographs i s  compared w ith  th e  m anifest  

e l e c t r ic a l  a x is  in  Table 9*



TABLE 9 .

Subject Anatomical a x is E le c tr ic a l a x is

In sp ir a tio n E xpiration Bange
1
In sp ira tio n E xpiration Range

J .T .F .

P.G.

M.K.B.

+51

+ 5«.5  

+39-7

+33

+40

+36

+18 

+18.5  

+ 3 .7

+84 

+8 3 

+67

+41» 5

+76

+18

+42 . 0

+5.0

+49

In th ese  three su b jec ts  th e  re la tio n sh ip  between 

e l e c t r ic a l  ana anatom ical a x is  i s ,  to  say th e  le a s t ,  doubtful*  

Thus we cannot deduce from changes in  e l e c t r ic a l  a x is  unaer 

g  what anatom ical changes are occurring*

Four suD jects ca rr ied  out runs to a hign g  l e v e l  u s in g  the  

ra te  o f  a p p lic a t io n  of O .Ig/sec* which i s  a s so c ia te d  w ith a 

smooth l in e a r  card iac response. The r e s u lts  fo r  th ese  su b jec ts  

are shown in  f i g .  ‘24a and b. There i s  a change in  e le c t r ic a l  

a x is  towards the v e r t ic a l  in  both fro n ta l and s a g i t t a l  p lanes  

which i s  p ro g ressiv e  Ydth in cr ea sin g  g ,

2 . The V en tr icu lar  G radient.

S ince the v e n tr ic u la r  gradient i s  sa id  to  be u se fu l in  

in te r p r e t in g  T wave changes, some prelim inary c a lc u la t io n s  were 

carr ied  ou t. These showed th ere  was in  fa c t  a change during  

a cce lera tio n *  However in  view  of W ilson’s remarks (quoted by 

Barker 1952), and more im portant, th e  fa c t  that the gradient



w il l  vary both w ith p o s it io n  and p u lse  r a te , the method was 

abandoned.

3 . The Vectorcardiogram .

There i s  l i t t l e  to  comment on the V.C.Gs. obtained in  

t h i s  in v e s t ig a t io n . In f i g .  22 d ire c t and derived V.C.Gs. 

are compared fo r  one su bject at re s t and at 3g. The 

resemblance o f the QRS i s  obvious though th e  match i s  by no 

means p e r fe c t .  F u lto n ’ s remarks (Fulton 1953) are 

th ere fo re  perhaps j u s t i f i e d ,  that geom etric con stru ction  i s  

very l i k e ly  to  be erroneous. These V.C.Gs. are o f  one o f th e  

su b jec ts  (M.K.B.) w ith h or izo n ta l h earts who show r o ta tio n  

towards the h o r iz o n ta l. The rep r o d u c ib ility  o f the V.C.Gs. 

i s  good but p o s it io n a l changes are la r g e ly  masked by 

r e sp ir a tio n  and the changes during a c c e le r a tio n  provide no more 

in form ation  than i s  obtained from the e le c t r ic a l  a x is  i t s e l f .

I t  was hoped th at d ir e c t  observation  o f the loop might have 

been u se fu l s in c e  in  a v e r t ic a l  heart th e d ir e c t io n  o f  

r o ta tio n  of th e  loop i s  u su a lly  clockw ise whereas in  the  

h o r iz o n ta l heart i t  i s  u su a lly  cou n terclock w ise . O bservation  

showed no change o f ro ta tio n  in  any o f  th e  su b jec ts  in  th is  

s e r ie s .  I t  i s  p o s s ib le  th at t h is  was due to  the fa c t  th a t the  

m ajority  o f the su b jec ts  had v e r t ic a l  h ea rts  under s t a t i c  

c o n d iti on s•

D iscu ss io n .

The most ou tstand ing fea tu re  o f t h is  s e r ie s  o f observations



77.

was th e  e f f e c t  o f r e sp ir a tio n  on the e le c t r ic a l  a x is  of 

th e  h e a r t . This i s  la r g e  enough to  mask changes in  a x is  due 

to  p ostu ra l changes and makes i t  im perative th a t in  any 

in v e s t ig a t io n  e l e c t r ic a l  axes should only he compared at 

id e n t ic a l  p o in ts  in  the resp ira to ry  c y c le . This e f fe c t  

o f r e sp ir a t io n  i s  freq u en tly  n eg lec ted  and lea d s  to  

erroneous co n c lu s io n s .

During a c c e le r a tio n  th ere i s  a change in  th e  e le c t r ic a l  

a x is  o f the h e a r t. At 3g th is  i s  q u ite  sm all hut in crea ses  

p r o g r e ss iv e ly  w ith _g. Although th ere i s  no c o rr e la tio n  

between anatom ical a x is  and e le c t r ic a l  a x is ,  i t  would seem 

not unreasonable to  suppose that t h is  change i s  r e la te d  to  the  

descent o f the diaphragm which i s  known to  occur under j£.

Support fo r  t h is  su p p o sitio n  i s  given by the fa c t  th a t the  

change in  p o s it io n  i s  s im ila r  and in  th e  same d ir e c t io n  as that 

occu rrin g  w ith in sp ir a t io n  which i s  again a sso c ia te d  w ith  

diaphragnatic d escen t. S im ilar resp ira tory  f in d in g s  have 

rec en tly  been reported  by Simonson, Uakagawa and Schmitt 

(1957 ). Since th e  a p p lic a tio n  o f +g i s  merely an 

accentuated  form of -the force  which a c ts  on t i l t i n g  from the  

h o r izo n ta l to the v e r t ic a l ,  i t  i s  to  be expected  th a t s im ila r  

fin d in g s  would ob tain  on change o f p o stu re . This has been 

in v e s t ig a te d  by Mayerson and Davis (1942) who found id e n t ic a l  

changes in  the e le c t r ic a l  a x is  when a su b ject i s  swung from 

th e  h o r izo n ta l to  75° haad-up on a t i l t  ta b le .  In th e ir



s e r ie s  th ey  a ls o  found that i f  the upright posture was 

m aintained th ere was a fu rth er  clockw ise swing o f  th e  a x is  

which in  some cases  might he as great as th e  i n i t i a l  change. 

This ob v iou sly  could not be p o s it io n a l or re la ted  to  any 

anatom ical change. I t  was re la ted  in  tim e to  the r e f le x  

v a so c o n str ic t io n  and cardiac a c c e le r a tio n  which develops in  

response to  th e assum ption o f the upright p ostu re . On the  

b a s is  o f  th ese  f in d in g s  the authors concluded that th e change 

in  a x is  i s  a r e su lt  of in creased  sym pathetic a c t iv i t y ,  

although i t  could eq u a lly  w e ll .b e  due to  decrease in  vagal 

to n e . I f  t h i s  i s  so then th e a lte r a t io n s  in  a x is  found in  

the p resen t study may a lso  be p a r t ia l ly  due to  in creased  

sym pathetic or decreased vagal tone as a c c e le r a tio n  i s  

accompanied by a tachycard ia  and an in crea se  in  peripheral 

r e s is ta n c e  (see part I I ,  chapter I I I ) .  This would also  

exp la in  the la ck  o f c o r r e la tio n  between e l e c t r ic a l  and 

anatom ical a xes.

The r e s u lt s  o f th e vectorcard iograph ic a n a lyses are open 

to  the same c r it ic is m . Since they  represent th e changing 

e le c t r ic a l  a x is  th ey  a lso  w i l l  r e f le c t  changes in  autonomic 

a c t iv i t y  and w i l l  th ere fo re  not form a r e l ia b le  guide to  

p o s it io n a l changes, n ev er th e less  i f  t h is  p o s s ib i l i t y  i s  borne 

in  mind and th e  phase o f r e sp ir a tio n  i s  known then they  may 

provide a crude guide to  th e  changes in  cardiac o r ie n ta t io n .



Summary.

There i s  a p ro g ressiv e  change in  th e  e le c t r ic a l  a x is  

w ith in cr ea s in g  _g. The m ajority o f su b jec ts  show a 

clockw ise ro ta tio n  in  the fro n ta l p lan e, and counter­

clockw ise ro ta tio n  in  the s a g i t t a l  p lan e, w ith  l i t t l e  

a lte r a t io n  in  the h or izo n ta l p lan e. These ro ta tio n s  are 

s im ila r  in  magnitude and d ir e c t io n  to  th o se  occurring with  

in s p ir a t io n . The cau sation  i s  probably p o s it io n a l due to  

descent o f the diaphragm, although th ere i s  no obvious 

c o r r e la t io n  with the anatom ical a x is .  The lack  o f  

c o r r e la t io n  may be due in  some part to  s im ila r  changes 

occurring with in creased  sym pathetic a c t iv i t y .

The v e n tr ic u la r  gradient i s  o f no value as i t  v a r ie s  w ith  

p o s it io n  and ra te  of the h ea rt, both o f which vary  during  

a c c e le r a t io n .

The in form ation  obtained from th e  V.C.G. adds 

n oth in g  to  th a t obtained from th e e le c t r ic a l  a x is  and i s  

su bject to  the same erro rs . However i t  i s  d isp layed  

continuously  and does not require c a lc u la t io n  and i s  thus 

u se fu l as a monitor of the change in  p o s it io n  o f th e  heart 

during comparative s tu d ie s  where th e  errors are l ia b le  to  

be con stan t.



CHAPTER V I I .

THE ELECTRO-EITCZP HALOORAIT LURING POSITIYE ACCELERATION.

Luring a c c e le r a tio n  th ere i s  a p ro g ress iv e  decrease in  

the blood supply to  th e  brain . This cerebral anaemia ev en tu a lly  

lead s to  a b o lit io n  o f nervous fu n ctio n . The e le c tr o ­

encephalogram might th ere fo re  a llow  o b jec tiv e  m onitoring of 

th e  s u b je c t 's  co n d itio n . In a d d ition  i t  might provide some 

evidence o f b lack -out or show premonitory sign s o f impending 

unconsciousness. Unconsciousness i s  to  be avoided i f  

p o ss ib le  and at high _£ le v e ls  the only c lu e  to  the s u b je c t 's  

lo s s  o f  consciousness may be the occurrence of con vu lsion s.

Method and M a ter ia ls .

The lead s used were l e f t  and righ t b ip o lar  o c c ip ita l ,  

and in  some experim ents leffc and r igh t fro n ta l were a lso  

recorded. Luring j? th ere  i s  a large amount o f  head and sca lp  

movement and th e normal E.E.G. e lec tro d es  are o f  no v a lu e .

Those described  by Pitman and W hiteside (1955) were t r ie d  but 

gave eq u a lly  bad r e s u lt s .  The method found to  g ive th e b est  

records was the use o f E.C.G. e lec tro d es  (see  chapter I I )  

stuck to  th e sca lp  w ith 'Nobecutane' .  An i n i t i a l  source of 

in te r fe r e n c e  was th e  amount o f n o ise  (10-50 p icked up

from th e  cen tr ifu g e  c o n tr o ls . This was elim in ated  by mounting 

the p ream p lifiers  in  the cen tre  s e c t io n  o f the c e n tr ifu g e , 

thereby in cr ea sin g  the s ig n a l-n o is e  r a t io ,  s in ce  the n o ise  

o r ig in a ted  between the cen tr ifu g e  i t s e l f  and the s l ip - r in g s  

two s to rey s  above.



The E .E .G s. were recorded on an Ediswan pen w r itin g  recorder.

S ix  experienced cen tr ifu g e  su b jec ts  ca rr ied  out four runs 

each to  b lack -ou t l e v e l .  The cen tr ifu g e  was kept at peak 

fo r  twenty seconds during which the grey-out and b lack-out 

occurred.

R e su lts .

1 . R estin g  E .E .G s.

Two su b jec ts  (P .G ., J .C .G .) showed a w ell organised  

alpha rhythm (9-10 c .p . s .  30-70 yttV), w h ile  two others  

(C.M .E.V., N .L .A .) showed o ccasion a l b u rsts  o f alpha rhythm 

in ter sp ersed  with medium frequency-medium v o lta g e  waves.

The la s t  two (M.K.B., G.H.B.) showed no evidence of alpha 

a c t iv i t y .  There were no recogn isab le wave forms obtained from 

th e fr o n ta l e le c tr o d e s . Each su b ject carr ied  out two minutes 

voluntary over-b reath ing . This produced no abnorm ality in  any 

o f the E.E.G s. although i t  was adequate to  produce t in g l in g  o f 

the ex tr e m itie s  in  a l l  su b je c ts . In two su b jec ts  (N .L .A ., 

J.C .G .) i t  in creased  th e amplitude o f th e  alpha rhythm.

2 . The E.E.G. during a c c e le r a t io n .

During a c c e le r a tio n  th ere i s  no c h a r a c te r is t ic  change in  

the E.E.G. In the e a r l ie r  part o f the runs there i s  a 

dim inished alpha a c t iv i t y  which returns to  normal about the  

middle o f the runs ( f i g .  2^)• In some su b jec ts  th ere  i s  an 

in con stan t change to  fa s t e r  freq u en cies (10-15 c p s ) . These



changes are seen  in  the o c c ip ita l  le a d s , th ere  i s  no change 

from th e  r e s t in g  record in  the fr o n ta l le a d s . Grey-out and 

black-out occur without any change in  the E.E.G. although  

w ith  b lack-out some change may be seen in  the fr o n ta l lea d s  

due to  eye movements. In one su b ject the run was continued  

u n t i l  unconsciousness supervened. Unconsciousness was 

a sso c ia te d  w ith th e  development o f la rg e  slow waves 

( l . 5  -  3 c .p . s .  50-120 yjtf)  in  the o c c ip ita l  le a d s . This 

d e lta  a c t iv i t y  did not appear to  precede lo s s  o f  consciousness  

but to  be co in cid en t with i t .  On recovery there was a return  

to  a normal r e s t in g  record.

D iscu ss io n .

Various workers have stu d ied  th e  electro-encephalogram  

during a c c e le r a tio n  ( in  monkeys -  B r itto n  and P e r tz o ff  1943* 

monkeys and c a ts  -  Jasper 1942, Jasper, C iprian i and

L otspeick  1942a, b, 1943* man -  Rose and Martin 1942,

Rose, Kerr and Kennedy 1942, Kerr and R u ssell 1944?

Franks 1956a and b, Powell 1956, Brent, Powell and S cott 1957).

In examining published  reports i t  i s  su r p r is in g  to  f in d  

th a t th ere  i s  a la rg e  gap between th at ca rr ied  out during the  

war and th at reported  in  th e  la s t  few y ea rs . I t  i s  worth 

w hile summarising the fin d in g s  o f th e  e a r l ie r  workers in  t h i s

f i e l d .  In anim als i t  was found th at the onset o f a c c e le r a tio n

was accompanied by .signs o f  e x c ita t io n  in  th e E.E.G. 

c o n s is t in g  o f an in crease  in  amplitude o f the e x is t in g  rhythm



w ith  th e appearance o f la rg e  sp ik es s im ila r  to  th ose  

occu rrin g  in  e p ile p sy . This was fo llow ed  hy depression  w ith  

the appearance o f  slow  high v o lta g e  waves; continued j? 

le d  to  e n tir e  a b o lit io n  o f e le c tr o c o r t ic a l  a c t iv i t y .  This 

e x t in c t io n  o f the E.E.G. could not be produced below 3j£» 

took 80-120 seconds at 3- 4j; and. appeared sooner w ith in c r e a sin g  

The ab so lu te  minimum tim e to  e x t in c t io n  was 7-10 seconds 

which agreed w ith the tim e to  e x t in c tio n  fo llo w in g  clamping 

o f th e  ao rta . Recovery was a sso c ia ted  w ith the above sequence 

of even ts occurring in  the reverse order, f in a l  recovery  

occurring in  10 seconds to  3 m inutes.

The f in d in g s  in  humans were e s s e n t ia l ly  s im ila r  with the  

excep tion  o f e x t in c t io n  o f a c t iv i t y .  This i s  probably due to  

th e fa c t  that unconsciousness was never m aintained fo r  more than  

a few seconds. S p e c if ic  wave forms were described  by Rose,

Kerr and Kennedy (1942) who found waves o f 16-22 c .p . s .

3O-5O yaV which la s te d  throughout the run and waves o f  

5-14 c .p . s .  30-120 jmV which occurred during r i s in g  a c c e le r a tio n  

but disappeared at peak £ .  The former a c t iv i t y  the authors 

admit might w ell be muscle a r te fa c t  although they suggest that 

the slow er rhythm i s  probably caused by la b y r in th in e  

stim u la tio n  due to  the changing angular a c c e le r a tio n  during th is  

p er io d . When th ese  experiments v/ere carr ied  out at Toronto 

the f a c i l i t i e s  fo r  a r te fa c t - fr e e  recordings were not 

a v a ila b le  (S cott -  personal communication) and the su g g estio n  o f  

muscle a c t iv i t y  i s  alm ost c e r ta in ly  tr u e . In th e author’s



view  the slow  wave forms are e x p lic a b le  on the same b a s is .

T his i s  borne out by th e fa c t  th a t in exp erien ced  su b jec ts  who 

are te n se  show a c t iv i t y  o f th is  sort whereas i t  i s  absent in  

experienced  su b je c ts . Experienced su b jec ts  by te n s in g  t h e ir  neck 

m uscles can produce s im ila r  a c t iv i t y .  I t  i s  agreed th at th ese  

wave forms are probably due to la b y r in th in e  stim u la tio n  but 

a r ise  from the m uscles o f the head and neck and not from the  

co rtex . In normal su b jec ts  sp ike and wave forms have never  

been described  nor were they  found in  th is  in v e s t ig a t io n .

In humans th e d e lta  a c t iv i t y  (waves 1 .5 -6  c .p .s .

50-150 yUV) occurred a s so c ia te d  w ith lo s s  o f co n sc iou sn ess. 

O ccasion ally  con sciou sn ess was lo s t  w ithout t h e ir  presence but 

they  ra re ly  occurred in  th e  conscious su bject and then only  

a sso c ia te d  w ith ‘ deep b lack -ou t* .

More recent workers have only described  E.E.G. changes 

during experim ental procedures where s tr e s s e s  in  a d d itio n  to  

j£ have been a p p lied . This w i l l  be d iscu ssed  in  Part I I .

In various o th er experim ents (^art I I )  where the E.E.G. 

was recorded, tw en t^ iin e cases o f unconsciousness in  fou rteen  

su b jec ts  have occurred. In f i f t e e n  o f  th ose the onset o f  

unconsciousness was a s so c ia te d  w ith d e lta  rhythm. In no case  

did d e lta  rhythm precede th e onset o f unconsciousness nor were 

any ep ilep tifo rm  sp ike and wave forms seen . In p a r tic u la r , 

d e lta  a c t iv i t y  was never a sso c ia te d  w ith b la ck -o u t. I t  i s  not
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I t  i s  not c le a r ly  understood what Rose means when he 

d escr ib es  them o c c a s io n a lly  in  'deep b lack—out* as t h is  term  

has no meaning to  present day in v e s t ig a to r s .

With th ese  s l ig h t  m od ifica tion s th e gross fin d in g s  

are in  accord w ith  th o se  o f  previous workers, whose more 

d e ta ile d  d e sc r ip t iv e  changes were almost c e r ta in ly  due to  

a r te fa c t  and muscle in ter fe ren ce  a r is in g  from th e ir  e a r l ie r  

equipment.

The con clusion  i s  that th e E.E.G. serves l i t t l e  purpose 

m onitoring normal su b jec ts  as th ere are no c h a r a c te r is t ic  

changes w ith  grey-out or b lack -o u t, and the only gross change 

in  rhythm occurs a f t e r  consciousness i s  l o s t .
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CHAPTER V I I I .

THE OCCURRENCE OP CONVULSIVE EPISODES OH 
_______________ THE CENTRIFUGE._____________

In the routine running o f th e  human cen tr ifu g e  convulsions  

are o c c a s io n a lly  seen . These are only  a sso c ia te d  with lo s s  

o f con sciou sn ess during a c c e le r a t io n . Apart from the th ir ty  

cases o f  unconsciousness mentioned in  the preceeding chapter 

a fu r th er  ten  to  tw enty have occurred a cc id en tly  during 

rou tin e runs where no in strum entation  had been employed.

In the m ajority  o f cases con vu lsion s occur.

These f i t s  vary in  in t e n s it y  from minor spasmodic tremors 

to  major co n vu lsion s. They are describ ed  by the observers 

s i t t i n g  in  the cen tre , th ir ty  f e e t  away, and are th erefo re  not 

c l in i c a l ly  d e ta ile d . The minbr forms c o n s is t  u su a lly  o f  tremors 

o f the f in g e r s  fo llow ed  by jerk in g  movements o f the arms; in  

t h is  v a r ie ty  th e low er lim bs do not appear to  p a r t ic ip a te  

although they are not e a s i ly  seen  by the observer. From t h is  

m ild form a l l  in terv e n in g  sta g es  can occur up to  th e  major 

con vu lsion  where the whole body co n v u lses . The convu lsions do 

not resem ble the to n ic  and c lo n ic  ep ilep tifo rm  type so much as 

the march o f  even ts seen  in  a Jacksonian f i t .  They were 

d escribed  as convulsions by Rose and Martin (1942) but are 

u su a lly  referred  to  as j a c t i ta t io n s  in  t h is  laboratory  as they do 

not c lo s e ly  resemble th e types o f f i t  more commonly encountered  

in  c l in ic a l  p r a c t ic e . As can w ell be appreciated  th ese  f i t s  are 

p o te n t ia l ly  dangerous in  the cen tr ifu g e  gondola t r a v e l l in g  at



60 m .p .h . w ith the su bject sea ted  amongst a mass of 

equipment with sharp an g les and edges. They a ls o  preclude  

th e  use o f  in t r a -a r te r ia l  n eed les in  high runs. Several 

s u p e r f ic ia l  in ju r ie s  have occurred and have le d  to  s tr in g en t  

p recau tion s b e in g  taken , in c lu d in g  the use o f  s a fe ty  harnesses  

and padding o f  a l l  dangerous o b je c ts . These in c id e n ts  were a 

stim ulus to  th e  development o f a method o f th resh o ld  

determ ination which would be free  o f the r isk  of 

unconsciousness develop ing, s in ce  they depend not on the le v e l  

o f £  but rather the in d iv id u a l’ s b lack-out th resh o ld . Thus in  

some su b jec ts  they  may occur at 4 . 0g  and in  others not u n t i l  

6 or 7j£.

These convu lsions were f i r s t  described  by Rose and 

M artin (1942) who found them to  occur in  tw en tysix  out o f  

tw entynine su b jec ts  who were run to  unconscious l e v e l s .  In th e ir  

s e r ie s  the f i t s  occurred a f te r  consciousness was lo s t  and most 

commonly during recovery. I t  i s  o ften  d i f f i c u l t  to  decide at 

which poin t they commence as the cen tr ifu g e  i s  u su a lly  

d ece lera ted  as soon as unconsciousness i s  seen . In some o f  th e  

cases occurring in  th is  laboratory  th e  le v e l  has continued to  

in cr ea se  a f t e r  the observation  o f th e con vu lsion . The most 

l i k e ly  cause o f th ese  convulsions i s  acute cerebral anoxia s in ce  

they  occur a f te r  the blood supply to  th e  brain  has f a i l e d .  They 

would thus be analagous to the Kussmane-Tenner spasms which 

occur on o cc lu sio n  o f  th e c a r o t id s . I t  i s  in te r e s t in g  to  note



th a t Schm itt (1944) says, "convulsions are not a prominent 

fea tu re  of p o s i t iv e  _ £ . . . .  Acute cereb ra l anaemia does not 

c h a r a c te r is t ic a l ly  cause s t im u la tio n  b efore d ep ression  although  

stim u la tio n  may fo llo w  dep ression ."  I t  must be concluded th a t  

Schmitt had l i t t l e  experience o f a c c e le r a t io n  s in c e  

convu lsions are the ru le rath er than the excep tion . The 

ob servation s on s tim u la tio n  o f the C.H.S. do not f i t  the  

p ic tu re  found in  a c c e le r a tio n  as although most o f R ose's cases  

occurred during recovery ( i . e .  p o s t-d e p r e ss io n ) , a c e r ta in  

number occurred at th e  onset w hile in  the present s e r ie s  a 

la rg e  percentage occurred w hile the a c c e le r a t io n  was s t i l l  

bein g  a p p lied . I t  may w ell be th a t acute cerebral anaemia i s  

not th e so le  agent re sp o n sib le .

The electro-encephalogram  o ffe r s  l i t t l e  u se fu l in form ation .

The con vu lsion s u su a lly  occur in  the presence o f slow  la rg e  

amplitude waves in  the p a r ie ta l and o c c ip ita l  reg io n s. They 

produce no change in  th is  rhythm apart from a ce r ta in  amount of 

muscle n o ise  i f  th e  sca lp  and neck m uscles are in vo lved  in  the  

con vu lsion . In some cases the head suddenly snaps forwards as 

exten sor tone i s  lo s t  s in ce  i t  i s  w eighing 5-8 tim es i t s  normal 

weight at th is  p o in t . This s tr a in s  the lead s and freq u en tly  

causes b lock ing o f th e  a m p lifiers  and th e E.E.G. lo s e s  a l l  

evidence o f wave forms. This may f a l s e ly  suggest e x t in c t io n  o f  

c o r t ic a l a c t iv i t y  as described  by Jasper, C ipriani and L otspeick  ( 1942) .

In the s e r ie s  described  by Rose and Martin (1942) was 

suggested  that th ere was a c o rr e la tio n  between the r e s t in g



E.E.G. and the occurrence o f f i t s .  Of the tw en tysix  su b jects  

who lo s t  con sc io u sn ess, eleven  showed evidence o f abnormal a c t iv i t y  

in  th e  r e s t in g  electro-encephalogram . Of th ese  e lev en , e ig h t  

(about 75$) b.ad major se izu res  w hile  minor se izu re s  were 

ex h ib ite d  by two o th ers . The authors suggested  that th ese  

su sc e p t ib le  su b jec ts  may provide evidence fo r  th e ep ilep tifo rm  

nature of the con vu lsion . In the s e r ie s  reported here none o f the  

su b jec ts  showed any ep iso d ic  a c t iv i t y  in  the r e s t in g  E.E.G. »or  

did  two minutes over-breath ing produce any evidence o f such 

a c t iv i t y .  I t  must be pointed  out that in  no su bject was th ere  

ever an aura, and con tro l o f th e  sp h in cters was not l o s t .  Thus 

I  have been unable to  confirm the re la tio n sh ip  between the  

E.E.G. and con vu ls io n s. N everth eless there i s  no doubt th at in  

a person w ith an i c t a l  d ia th e s is  the s tr a in  o f p o s it iv e  

a c c e le r a t io n  might w ell provoke a major or minor f i t .

During unconsciousness the subject tends to  dream, t h is  i s  

e s p e c ia l ly  marked in  a con vu lsion . On recovery th ere i s  a 

period  o f confusion  where dream cannot be separated  from 

r e a l i t y ,  and in  t h is  period  the su b jec t, w hile con sciou s, does 

not respond to  v isu a l and auditory s t im u li .  Complete 

recovery i s  a s so c ia te d  with a short period  o f retrograde amnesia, 

the su b ject not r e a l is in g  that anyth ing abnormal has occurred.

Summary.

In th e  m ajority  o f  cases lo s s  o f  consciousness due to  

a c c e le r a t io n  i s  accompanied by ja c t i t a t io n s .  These may be 

confined  to  the upper limb or in vo lve  the e n tire  body. They
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may occur as con sciou sn ess i s  lo s t  or during recovery.

T heir v a r ia b le  tim e o f onset r a is e s  doubt as to  whether acute  

cereb ra l anaemia i s  the en tire  cause. They appear to  be 

without any concomitant on the E.E.G. The a s so c ia t io n s  w ith  

e p ile p sy  and ep iso d ic  a c t iv i t y  in  th e r e s t in g  E.E.G. has 

not been confirm ed.

Recovery i s  a sso c ia ted  with confusion  and retrograde  

amnesia i s  common.

The dangers o f  convulsions in  th e  cen tr ifu g e  underline  

th e  need fo r  a means o f  th resh o ld  determ ination  which a llow s  

a la r g e  s a fe ty  margin between i t  and the th resh o ld  o f  

u n con sciou sn ess.
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CHAPTER IX .

A METHOD FOR DETEBKIEIHG TOLERANCE IE THE HUMAN 
CENTRIFUGE BY MEANS OF THE VISUAL THRESHOLD.

The method o f v isu a l th resh old  determ ination  in  

c e n tr ifu g e s  v a r ie s  from laboratory to  laboratory  throughout 

th e  w orld. R esu lts from d iffe r e n t workers are th erefo re  * 

d i f f i c u l t  to  c o r r e la te , e s p e c ia lly  s in ce  d e t a i l s  o f the  

v a r ia b le s  in vo lved  are u su a lly  scanty i f  present at a l l .  This 

chapter d escr ib es  a method which has been developed by the  

author in  which a l l  the v a r ia b les  are capable o f d e f in it io n  

and which g ives r e s u lts  in  a range which i s  both s a fe r  and 

l e s s  fa t ig u in g  than that currently  used.

In cen tr ifu g e  work th ere i s  no doubt th at b lack-out i s  

th e  end point o f ch o ice . However, s in ce  b lack-out le v e ls  are 

so c lo se  to  unconsciousness and the sa fe ty  fa c to r  th ere fo re  

low , the more e lu s iv e  grey-out i s  more commonly used. The 

usual experim ental method i s  based on the use o f two dim l ig h t s  

s itu a te d  p er ip h era lly  in  the v isu a l f i e l d .  The su b ject f ix a te s  

on a cen tra l spot and the peripheral l ig h t s  are sw itched on.

The subject responds to  t h is  stim ulus by sw itch in g  the l ig h t s  

o f f  and the sequence i s  repeated. At the th resh o ld  le v e l  when 

coning of v is io n  occurs, th ere comes a poin t when the su bject  

f a i l s  to  respond to  the peripheral l ig h t s  and t h is  i s  taken as 

th e end point o f grey-ou t. To reach th resh o ld  repeated g  runs 

are carr ied  out whose form i s  shown in  f i g .  26a, s ta r t in g  a t  

about 3 . 2g  and r a is in g  or low ering the value as necessary



u n t i l  grey—out occu rs. There are many obvious d isadvantages  

to  t h is  system . F ir s t ly ,  the th resh old  measured depends on the  

in t e n s ity  o f the p eriph era l l ig h t s  and on the angle they  subtend  

at the eyesj th e se  fa c to r s  vary from laboratory  to  lab oratory , 

w hile  th e  la t t e r  v a r ie s  with the p o s it io n  o f the su b je c t .

Secondly, i t  may be necessary  to  carry out sev era l runs to 

reach a th resh o ld  le v e l  and th is  i s  fa t ig u in g  to  th e  su bject  

q u ite  apart from the discom fort caused by the ’’to p p lin g ” 

sen sa tio n  experienced during the d ece lera tio n  phase. Another 

poin t i s  that subconscious cheating  may e a s i ly  occur as a sm all 

eye movement to  e ith e r  s id e  o f the f ix a t io n  poin t at th resh o ld  

w i l l  once more bring the l ig h t s  in to  view . This i s  probably a 

f a i r l y  common occurrence s in c e , due to the general dimming o f  

v is io n ,  th ere  i s  a period  of u n certa in ty  as to whether the  

l ig h t s  are on or n o t. These sources of error caused  

con sid erab le  doubts to  be f e l t  concerning th e  v a l id i t y  o f the  

method. These were not a lla y ed  by the fa c t that i t  had been 

freq u en tly  n o ticed  that the threshold  varied  with the ra te  of 

a p p lic a t io n  of (M aciolek 1955, S to le  1956, Edelberg, Henry, 

M aciolek, Salzman and Zuidema 1956, Browne and Fitzsim ons 1956). 

This v a r ia tio n  i s  thou^it to  be due to  the time response 

o f  card iovascu lar r e f le x e s ,  (D iringshofen 1942, Wood 

1942) which only become operation some 6-12 seconds a f te r  th e onset 

of a c c e le r a t io n  (Wood 1944, Code, Wood, Sturm, Lambert and Baldes 

1945, Browne and Fitzsim ons 1956). In general w ith h igher ra tes  

o f  r is e  o f a c c e le r a tio n  gi*ey~out and b lack-out are 

in d is t in g u ish a b le  and occur at a lower value due to  th e  lack  of



r e f le x  card iovascu lar response. This a ls o  alm ost 

p ara d o x ica lly  occurs w ith very low r a te s  o f  r i s e  when the  

r e f le x e s  are f u l ly  op erative  due to  th e  pure h y d ro sta tic  

e f f e c t  o f  blood p o o lin g . However, in  th e middle ranges th ere  

i s  more d is t in c t io n  between the three phases and each occurs 

at a h igher & v a lu e . These responses have a wide in d iv id u a l 

v a r ia t io n  and a lso  vary with tim e in  any one in d iv id u a l 

(S ta u fer  1952).

I t  i s  obvious that there are many o b jec tio n s  to  the  

standard procedure and i t  was f e l t  that i t  would be worthwhile 

to  s ta te  the id e a l conditions and then attempt to  develop a 

method which would approach them as c lo s e ly  as p o s s ib le .

The v a r ia b le s  which should be defined  in  any method o f  

th resh o ld  measurement have been described  by Howard (1957) and 

are shown in  f i g .  27. It has a lso  been emphasised that any 

method should be ap p licab le  to  a l l  the cen tr ifu g es  o f  the  

Western world (L everett and Zuidema 1957) and the con d ition s  

should be capable o f p rec ise  s p e c if ic a t io n  to  a llow  

c o r r e la t io n  o f work in  d iffere n t la b o r a to r ie s . The f i r s t  

attempt to  meet th ose  requirements has been reported by 

Byford and Howard (1956) .  B r ie f ly , i t  co n sis ted  o f a cen tra l 

w hite l ig h t  viewed through goggles which only tran sm itted  th e  red 

end o f the v isu a l spectrum. By th is  means the su bject viewed  

a monochromatic l ig h t  against a homogeneous v isu a l f i e l d .  The 

in t e n s ity  o f the ligjrfc was always ad justed  by means o f n eu tra l



d en s ity  f i l t e r s  to  0 .4  lo g .u n it s  above ab so lu te  v isu a l  

th resh o ld . Using th is  method the above authors obtained b lack­

out l e v e ls  o f 1 .5  -  2 , whi ch were remarkably c o n s is te n t in  

any one su b je c t . Thei^neasurement was made 10 seconds a f t e r  

peak £  to  a llow  tim e fo r  card iovascu lar compensation to  tak e  

p la c e . Y/hile th is  method gives e x c e lle n t  r e s u lt s ,  th ere are  

sev era l l im ita t io n s .  The f i r s t  i s  th e  use o f g o g g le s ..  Goggles 

tend to  m ist d esp ite  the use o f v e n t i l a t i o n  and a n t i—m ist 

s o lu t io n , and i f  a large range o f su b jects  are to  be used th e  

f i t t i n g  o f th e  gogg les, which must be l i g h t - t i g h t ,  becomes a 

ser io u s  problem. The second lim ita t io n  i s  the number o f runs 

required to  e s ta b lis h  the th resh o ld . The p a ttern  o f run i s  shown 

in  f i g .  26a. The cen tr ifu g e  i s  a cce lera ted  to  a le v e l  p la tea u  

and d ece lera ted  aga in , the run being repeated u n t il  the p la teau  

i s  found at which b lack-out occurs. Thus sev era l runs are 

necessary  with the concomitant tumbling and fa t ig u e . The present  

method was evolved to  overcome th ese  d i f f i c u l t i e s .

In any p h y sio lo g ic a l study in  a c c e le r a tio n , and a lso  in  the 

t e s t in g  o f  equipment, the degree o f cardiac compensation must be 

con sid ered . A fter  a t r ia l  of many ra tes  o f  a p p lica tio n  o f  £  

i t  was found th at a rate o f r is e  of O .lg /s e c . allow ed cardiac  

compensation to  keep pace with the r is in g  s tr e s s  (see chapter IV ). 

This ra te  o f change o f a cce lera tio n  a lso  a llow s th e g /t im e  curve to  

l in e a r  above ^ 2 £  and so allow s a high degree o f s p e c i f i c i t y .  

S in ce  the ^ s e c .  i s  low i t  was considered th at b lack-out could



be s ig n a lle d  by the su bject during the r is e  p eriod , and 

assuming v isu a l rea c tio n  time to  be l e s s  than 0 .5  seconds 

then  the error should be l e s s  than 0.1j£. The j^/time curve 

i s  shown in  f i g .  26b.

Method.

Yi/hen a sm all f ix a t io n  lig h t  i s  viewed aga in st a 

homogeneous background i t  undergoes apparent changes in  

b righ tn ess as £  i s  in creased . Yshen white l ig h t  i s  used i t s  

apparent b righ tn ess in creases  to  a marked degree (on some 

rough prelim inary measurements an apparent decrease o f some 

20fo on pre-run v o lta g e  supply was observed at 3 . 0jg) and 

low th resh o ld s are d i f f i c u l t  to  ob tain . In a d d ition , 

changing the current supply to  the lamp causes a change in  

co lour temperature o f the em itted l ig h t  which in troduces  

another v a r ia b le . I t  was f e l t ,  th ere fo re , that the l ig h t  

should be monochromatic and capable o f bein g  f ix a te d  

c e n tr a l ly .  A red l ig h t  was chosen as i t  f u l f i l l e d  th ese  

requirem ents and a f i l t e r  was e a s i ly  ob tainab le which allow ed  

only a very narrow band o f the v is ib le  spectrum to  be 

tran sm itted  ( f i g ,  28 ). In a d d ition , changes in  oolour  

tem perature o f th e  source were not r e f le c te d  in  th e  

tra n sm itted  l i g h t .

B a s ic a lly  the apparatus i s  sim ple ( f i g .  29 ). The gondola 

o f  th e cen tr ifu ge  i s  d ivided one meteor from the su b je c t’s eyes 

by a matt black p a r t it io n  which i s  carried  round the s id e s  o f  

th e  car, thus g iv in g  a uniform f i e l d  o f view . The



cen tr ifu g e  chamber i s  "blacked out" and in  complete 

darkness. The s a fe ty  precautions in  the cen tr ifu g e  require  

a M edical O fficer  to  be seated  in  th e  centre s e c t io n  to  

observe the su b je c t . Some p rov ision  had, th e r e fo r e , to  be 

made fo r  observing the su b jec t. This was done by 

in s t a l l i n g  a 25 watt 250 V. red lamp in  the roof o f th e  

gondola which, p r o je c tin g  through a 2 inch square aperture, 

illu m in a ted  the su b je c t 's  head without throwing any d irec t  

l i g h t  onto h is  v isu a l f i e l d  and th erefo re  without 

n e c e s s ita t in g  an in crease in  o v era ll ta rg e t b r ig h tn ess . In 

th e cen tre o f  th e v isu a l f i e l d  i s  an aperture 5 m.m. 

diam eter behind which i s  mounted the l ig h t  sou rce. Between 

th e  two i s  an opal g la ss  screen which d if fu se s  the l i g h t ,  

and an R.A.F. type 6 in fra -red  f i l t e r  having the  

c h a r a c te r is t ic s  shown in  f i g .  28.

The su bject i s  seated  in  the gondola and the chamber c lo se d .  

Ten m inutes are allow ed for  dark adaptation . While dark 

ad ap tation  i s  not complete in  t h is  tim e, i t  was found by 

experience th at a sh orter  time gave poor r e s u lts  by causing  

v a r ia tio n s  in  th e subsequent th resh o ld  measurements but that in  

normal su b jec ts  a llow ing  longer for  dark adaptation  did not 

a f f e c t  th e  r e s u lt s .  Ten minutes were adopted as th e  minimum 

tim e which would give repeatable r e s u lts  and would a llow  the  

maximum number o f runs per day. B"o attempt was made to  

deteim ine the e f f e c t s  of vitam in A on the r e s u l t s .  When the  

su b ject i s  dark adapted an 0 .5  lo g .u n it  neu tral d en sity  f i l t e r



97.

i s  p laced  in  front o f the l ig h t  source and th e  l ig h t  in t e n s ity  

v a r ied  u n t i l  the su b je c t ’ s v isu a l th resh o ld  i s  reached. The 

n eu tra l d en sity  f i l t e r  i s  then removed and th e  su bject see s  

a red d isc  whose in te n s ity  i s  0 .5  lo g ,u n it s  above h is  

th resh o ld . The cen tr ifu g e  i s  s ta r ted  and a c c e le r a te s  at 

O .lg /s e c .  "When the su b jec t, who i s  relaxed , can no lon ger see  

th e lig h t  he p resses  a push button which marked the record  

and brings the cen tr ifu g e  to  r e s t .

The value o f the n eu tra l d en sity  f i l t e r  used was chosen  

as one which would give a th resh o ld  o f between 2.0  and

By u sin g  oth er values the th resh old  can be s e le c te d  at 

w ill ,w ith  the upper lim it  being the ab so lu te b lack-out 

th resh o ld ; i . e .  where the pressure in  the r e t in a l  a rtery  

equals in tr a -o c u la r  p ressure.

These i s  a continuous v a r ia tio n  in  the ab so lu te  v isu a l  

th resh o ld . This v a r ia tio n  measured, fo llo w in g  45 minutes o f  

dark ad ap tation , was found to  have an amplitude o f 0 .05  to  

0 . 2  lo g .d e n s ity  u n its  and the consensus of opinion i s  th a t  

t h is  i s  an e n t ir e ly  th resh o ld  e f fe c t  and should not occur when 

th e  l ig h t  i s  above that le v e l  as in  the present method. A 

fu r th er  p o ss ib le  c r it ic ism  o f the method described  i s  that  

th ere  i s  a f a ir ly  lengthy period (up to  30 seconds) of 

la b y r in th in e  stim u la tion  which might be expected to  cause 

a r te fa c t s  in  the r e s u lts  and lead  to  undesirable s id e  e f f e c t s ,  

e .g .  nystagmus and motion s ick n e ss . The r e la t io n  between the



resu lta n t a c c e le r a tio n  (a) experienced by the su bject and 

angular a c c e le r a tio n  of the cen tr ifu g e  (w) i s  given  by the  

equation

Whence i t  can be seen that w ith a ra te  o f change of 

a c c e le r a t io n  o f 0 . 1_g/sec. the angular a c c e le r a tio n  i s  of the

la b y r in th in e  s tim u la tio n  given by Van Egnond, Groen and 

Jongkees (l949)»  This i s  fu rth er com plicated by the fa c t that 

during th is  tim e the gondola i s  r o ta tin g  about i t s  

lo n g itu d in a l a x is .

In th e prelim inary experiments on the method i t  was found 

th a t some su b jec ts  did in  fa c t experience an oculogyral 

i l lu s io n ,  th e  spot ro ta tin g  and r is in g  to  the r ig h t . To 

attempt to  overcome th is  and to  provide a v isu a l c lu e  to  the  

p o s it io n  o f th e  spot should i t  in a d verten tly  be l o s t ,  two 

wedge-shaped h or izo n ta l white bars were p laced  round the spot 

with t h e ir  broad ends inwards. Their b righ tn ess was h igher  

than th a t o f th e  sp o t. With t h is  m od ifica tion  there was no 

fu rth er  complaint about the oculogyral i l lu s io n .  S u b je c tiv e ly  

th ere  i s  no nystagmus nor are there any unpleasant sen sa tio n s, 

a l l  su b jec ts  have unanimously voted i t  the most com fortable 

" rid e” o f  a l l  th e a v a ila b le  cams.

RESULTS.

For the i n i t i a l  in v e s t ig a t io n  o f the method each subject

r = radius = 30 f t .  
g = 32 f t . / s e c . ^

order o f  2 8* : . / s e c .^  which i s  w ell above th e th resh o ld  fo r



had n is  v isu a l th resh o ld  determined as described  above and 

t h is  value was used throughout the s e r ie s .  Seven 

experienced  cen tr ifu g e  su b jects  were used. !Five th resh o ld  

d etem an ation  were made on each subject every day fo r  f iv e  

days. Each su b jec t carr ied  out h is  runs at the same tim e 

each day and had a t o t a l  of tw en tyfive determ inations in  the  

week. Repeated checks on pu lse ra tes  were made during the  

runs by means o f a lead  I  E.C.G.

The r e s u lt s  obtained are shown in  Table 10. I t  w i l l  be 

seen  th a t the th resh o ld  obtained l i e s  between 2 .0  and 3«5ja*

The standard d ev ia tio n s  l i e  between i  0 .04  and i  0 .17  fo r  any

one su bject in  any one day. This i s  an acceptab le v a r ia tio n  

s in ce  the to lera n ce  l im it s  for  the human cen tr ifu g e  from run

4-to  run are t  0 *10g  up to  peaks o f 5ij>

W ithin the group of seven su b jec ts  th ere i s  a d a ily  

v a r ia t io n  fo r  any one subject over th e range 0 . 2  to  0 . 6g  

which i s  o f the order found u sing  the o th er methods o f  

th resh o ld  determ ination . The subject to  subject

v a r ia t io n  i s  up to  1 . 3̂  which again compares with the r e s u lt s

obtained  u sin g  peripheral l ig h t s  and p la teau  runs (Browne 

and F itzsim ons 1956, Table l l ) .  These are p h y sio lo g ic a l 

v a r ia tio n s  and do not depend on the method used*



TABLE 1 0 .

DAILY £  THRESHOLDS OF SEVER EXPERIENCED CENTRIFUGE SUBJECTS.

SUBJECT DATE

30 S e p t .57 1st O ct.57 2nd O ct.57 3rd O c t.57 4th  O c t.57

J.G.

2 .2  2 .2  2.6 2 .7  2 .6  
2.6  2.3  2.8 2 .7  2 .9
2 .5  2.5 2 .4  2 .6  2.8
2 .5  2 .5  2 .6  2.8 2 .7  
2 .3  2 .3  2 .7  2.8 2 .9

Mean & S.D. 2 .4  -  0 .15 2 .4  -  0 .12  2.6  ± 0 .13  2 .7  -  0 .08 2.8 0 .12

R.L.A.

3 .1  3.4 3 .3  3.3  3.2
3 .5  3 .4  3 .4  3 .4  3 .2
3 .5  3 .3  3.2  3 .4  3.1
3.6 3.3 3 .5  3 .4  3 .4  
3 .5  3 .3  3 .4  3 .5  3 .3

Mean & S.D. 3.4  ± 0 .17  3 .3  -  0.05 3 .4  -  0 .10  3 .4  -  0 .0 5  3.2 -  0.10

C.McE.

2 .6  2 .5  2 .5  2 .7  2 .7
2 .5  2 .3  2 .7  2 .5  2 .7
2.6  2.5  2.5  2.8 2.8 
2 .7  2.7 2.6 2 .5  2.6  
2.6  2 .5  2 .7  2 .5  2.8

Mean & S.D. 2.6  t  0 .06  2.5  -  0.10  2.6 ± 0.09 2 .6  ± 0.10  2 .7  ± 0 .07

G.H.B.

3 .4  3.2 3 .3  3 .4  3.2
3 .4  3 .3  3 .4  3.1 3.1
3 .3  3 .2  3 .3  3 .4  3.1  
3*3 3*2 3*5 3*1 3*1
3 .3  3 .2  3 .4  3 .3  3.2

Mean & S.D. 3. 3!  0.05  3.2 t  0 .04 3 .4  -  0 .07 3 .3  £ 0 .14  3 .1  -  O.05

P.G.

2.8 3 .3  2 .9  3.0  3.0
2.8 3 .3  2 .9  3 .2  3 .0
2 .6  3.3 3 .0  3 .2  2 .9
2 .6  3.3 2 .9  3.2  2 .9
2 .6  3 .2  3 .0  3 .0  2 .7

Mean & S.D. 2 .7  -  0.10  3.3 ± 0.04 2 .9  -  0 .05  3.1 1  0.10 2 .9  -  0.11



TABLE 10 ( c o n td .)

SUBJECT DATE

30 S e p t . 57 1s t  O c t . 57 2n d  O c t . 57 3rd. O c t . 57 4 t L  O c t . 57

M.K.B.

3.0  2.6  3 . 3  3 . 3  3.0
3 . 1  2 . 5  3 . 3  3 .0  3 . 2
3 . 2  2 . 4  3 . 0  3 . 0  3 . 0  
2 . 7  2.9  3 . 2  2.9  3 . 3  
3 . 0  2 . 7  3 . 3  3 . 0  3 . 2

M ean & S . D . 3.0  i  0 . 1 7  2.6  -  0 . 1 7  3 . 2  -  0.12  3 . 0  £  0 . 1 4  3 . 1  -  0 .12

F . L .

2 . 3  2 . 3  2 . 7  2 . 7  2 . 7
2.2  2 . 4  2.5  2.8  2 . 5
2 .2  2.8 2 . 5  2 . 7  2.6  
2 .0  2.6  2.6  2.5  2.5  
1 .9  2.6  2 . 4  2 . 3  2.9

Mean & S . D . 2.1  £  0.15  2.5  £  0.17  2.5  £  0 .10  2.6  £  0.18  2 .6  £  0 .15

ji: r:.;v raaftlta sstegLi^sh frem rtk

;v- ̂ -..;k -.>-.- \£  ' teg.h? ilitrS  i s b e r ^ h e h h
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r a a e s a l  ^ iJ ’b a h ild f  ; $ to  ti.cii &-»-■ Oaf
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TABLE 1 1 .

DAILY VARIATION IN THRESHOLD MEASURED BY PERIPHERAL LIGHT LOSS. 
________ (3 .6 & /sec . RATE OP APPLICATION OP ACCELERATION)

DAY SUBJECTS

J.T .P . M.K.B. P.L. P.H. N.L.A. G.H.B.

1 3 .6 3 .4 3 .5 3.3 3 .7 3 .0

2 3 .5 3 .5 3.6 3 .4 3.8 2 .5

3 3.8 3.6 3.7 3 .2 3 .6 2 .8

4 3 .7 3 .4 3 .5 3 .6 4 .0 3 .0

5 4 .0 3 .6 3.8 3 .4 4 .0 3 .0

6 3 .6 3 .5 3 .6 3 .6 3.8 3 .0

7 3 .6 3 .6 3 .6 3 .4 3 .6 3 .0

Range 0 .5 0 .2 0 .3 0 .4 0 .4 0 .5

In view  o f the s a t is fa c to r y  r e s u lts  obtained, from t h is  

t r i a l  the method i s  now used ro u tin e ly  in  th is  lab oratory .

Two thousand runs have sin ce  been carried  out o f which one 

th ird  rep resen ts normal thresholds estim ated to act as co n tro ls  

fo r  various experim ental s e r ie s .  These runs have been 

analysed  fo r  each subject and fo r  a l l  su bjects to g e th er . The 

r e s u lt s  are a lso  d iv ided  in to  two s ix  month p er io d s. The 

th resh o ld  r e s u lts  are shown in  Table 12.



TABLE 12.

AVERAGE OP THRESHOLDS OP TEN EXPERIENCED CENTRIFUGE SUBJECTS 
OVER A TWELVE MONTH PERIOD. (THE NUMBER OP DETERMINATIONS 
SHOWN IN BRACKETS).___________

Subject
Average
th resh o ld s fo r  
1 st s ix  month 
period

Average
th resh old s fo r  
2nd s ix  month 
period  

(g)

Average 
th resh old  fo r  
tw elve month 
period  

(g)

Standard 
d e v ia tio n  fo r  
a l l  runs

C.McE. 2 .6 2 .6 2 .6 ± 0 .23
(52) (52) (104)

N.L.A. 3 .1 3 .2 3 .2 t  0 .40
(25) (26) (51)

G.H.B. 3 .0 3.1 3 .0 -  0 .28
(42) (41) (83)

M.K.B. 2 .9 2 .9 2 .9 i  0.31
(64) (63) (127)

J .S .G . 2 .5 3.3 2 .9 -  0 .43
(6) (7) (13)

A.C. 3.1 2.9 3 .0 -  0 .2 4
(11) (12) (23)

F.L* 2 .6 2 .6 2 .6 i  0 .28
(32) (31) (63)

M.H.O. 3 .6 3 .2 3 .4 ± 0 .38
(4) (4) (8)

P.G. 2.9 2.8 2.8 t  0 .43
(46) (46) (92)

J.C.G. 2.8 2 .7 2.8 -  0 .31
(55) (55) (110)

Means of 2 .83 2.85 2.84 ± 0 .377
a l l (337) (337) (674)
su b je c ts



I t  can be seen  th a t over a period  o f tim e th e day to  day 

v a r ia t io n  can cels i t s e l f  out and r e s u lts  are remarkably 

constant from one period  to the n ex t. The f ig u r e s  

adequately  d isp la y  the low fa tig u e  element and i l lu s t r a t e  

th e  lack  o f adaption to  j£. When a l l  su b jec ts  are included  

th ere  i s  a mean threshold  which again i s  v ir tu a l ly  constant 

over a lon g  p eriod  o f tim e. Thus the method could be used  

to  compare r e s u lt s  on any subject over a p eriod  o f  months 

without undue error.

DISCUSSION.

The r e s u lt s  obtained in  th is  s e r ie s  are h igh er than  

th o se  describ ed  by Byford and Howard (1956) .  This can be 

accounted fo r  by the fa c t that dark adaption i s  not complete 

in  the present s e r ie s  and that there i s  a low le v e l  o f  

ambient illu m in a tio n . The thresholds could be made lower i f  

d esired  by u s in g  neutral d en sity  f i l t e r s  o f lower v a lu e .

The presen t value o f 0 .5  lo g ,u n its  was chosen because the  

method was prim arily  developed to a llow  decrements in  

th resh o ld  to  be measured and a very low i n i t i a l  value was not 

d e s ir a b le .

The advantages o f the method are

(a) s p e c if ic a t io n  o f the v ariab les  i s  p o s s ib le , thus  

a llow in g  accurate d u p lica tion  o f the method in  

other la b o ra to r ies  (fig*  35)»

(b) th resh o ld s can be determined with a minimum o f  

discom fort sin ce  only two runs are necessary at 

the most,' and the jo l t  (O .lg /s e c .)  i s  so low



th a t unpleasant sen sa tio n s are e n t ir e ly  absent;

(c )  the th resh o ld  can be s e le c te d  by the use o f an 

appropriated  neutral d en sity  f i l t e r .  B lack-out 

can be obtained at extrem ely low va lu es o f  

thus a llo w in g  a large s a fe ty  margin between 

black-out and unconsciousness;

(d) f u l l  cardiac compensation i s  co n tin u a lly  p resen t. 

This e lim in a tes  one o f the p h y sio lo g ic a l v a r ia b les  

and fu r th er  in creases  the sa fe ty  margin;

(e )  adaption and learn in g  do not seem to  occur, the  

mean th resh o ld s remaining constant over many months;

( f )  i t  i s  s u ita b le  fo r  a l l  cen tr ifu g es at present in  

e x is te n c e .

No ser io u s  disadvantages have been found w ith t h is  method. 

I t  i s  sim ple to  u se , i s  p leasant fo r  the su b jec ts  and requ ires  

a minimum of equipment. I t  was described  to the European 

Congress o f  A v ia tion  Medicine in  Stockholm in  1957 and 

proposed as the standard method o f th resh o ld  determ ination in  

a l l  c en tr ifu g e s  o f the Western 'World. This method was again  

d iscu sse d  at the Aero-Medical A sso c ia tio n  in  Washington, 1958, 

and was issu e d  by the cen tr ifu ge  stan d ard isa tion  committee fo r  

t e s t  to  the member co u n tr ies . To date favourable r e s u lts  in  

agreement with th o se  described here have been obtained from the  

major American a cce lera tio n  u n its .



SUMMARY.

A method o f th resh o ld  determ ination i s  described  which 

u t i l i s e s  v isu a l b lack-out as th e  end p o in t. The method 

c o n s is t s  o f v iew ing  a pa le red lig h t  aga in st a homogeneous 

background with the dark adapted eye. The th resh o ld s can be 

v a r ied  at w i l l  by th e  use o f various f i l t e r s  and a llow  a 

la r g e  sa fe ty  margin between b lack-out and unconsciousness.

The method i s  capable o f p r e c ise  s p e c if ic a t io n  and i s  e a s i ly  

performed.

The use o f a ra te  o f a p p lica tio n  o f  O .lj^/see. a llow s the  

a c c e le r a t io n  tim e curve to  be lin e a r , w hile cardiac  

compensation has tim e to  develop f u l ly .  The use o f repeated  

p la tea u  runs w ith th e ir  concomitant fa t ig u e  i s  avoided.
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During the last few years the total number 
of aircraft accidents in the Royal Air Force has 
been steadily diminishing and the percentage 
attributable to pilot error has fallen proportion­
ally. Despite these gratifying figures the fact 
remains that there is a number of fatal accidents 
in all the air forces of the world which appear to 
be due to failure of the human factor. In the 
majority of these cases observers on the ground 
tell a similar story; the aircraft is seen to be 
out of control and flies straight into the ground 
leaving no evidence save small pieces of wreckage 
strewn over the surrounding countryside. The 
most disturbing feature of these cases is that, 
although some degree of warning must always occur, 
the pilot makes no attempt to use his radio or his 
ejector seat. This can only mean that he has lost 
useful consciousness.



In the modern high speed aircraft the demand 
for a continued high degree of cerebral alertness 
is insistent, with any lapse of attention or 
concentration inevitably leading to disaster.
This places a strong psychological stress on the 
pilot, whose mind is continually working at full 
capacity. This utter dependence on consciousness 
may seem not unreasonable since it is a state 
which is normally taken for granted. It must be 
remembered however that the physiological mechanisms 
maintaining consciousness are easily upset and that 
the brain, although the master control, has the 
least reserve. Thus the oxygen reserve of the 
brain allows only six seconds of useful conscious­
ness, although the brain demands a blood flow ten 
times that of the muscles, weight for weight, for 
normal function. That consciousness may be lost 
quite simply can be shown in many ways. For 
example, passive tilting from the horizontal to 
the vertical causes syncope in many normal people 
(Brigden, Howarth and Sharpey - Schafer, 1950).



Since it seems unlikely that there is any 
gross ante mortem pathology in these fatal 
crashes, one must consider therefore the physiol­
ogical causes of disorders of consciousness.

The final cause of loss of consciousness 
must be some change in the neurones themselves 
leading to explosive discharge or complete 
inhibition. Converging on this final stage, 
however, are many varied factors which may aet 
singly or in combination. Some of these stresses 
which have particular application to aviation are 
discussed below.

There are a number of factors leading to loss 
of useful consciousness which produce little change 
at cell level. These arise in the highest centres 
of consciousness and are comprised of emotional 
changes and disorders of affect. In considering 
these causes there is no clear eut division between 
physiological processes and psychopathology; the 
tmly reason for considering them physiological in
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this context is that they occur in normal people 
who, if they survive the incident, still appear 
normal by our methods of judgment.

Perhaps the commonest occurrences of this 
type are those arising from abnormal extremes of 
sensory inflow, In modern flying there is a large 
continual volume of sensory inflow, visual, audit­
ory, tactile and proprioceptive. With adequate 
training the pilot can adapt himself to assimilate 
this variety of sensations, integrate them and make 
the appropriate responses. There are occasions, 
however, particularly in an emergency, when this 
inflow is suddenly increased and under the bombard­
ment of stimuli requiring immediate attention 
function at higher level ceases and a trance-like 
state develops. Although not unconscious by the 
usual criteria, the subject behaves in a decere­
brate way and can play no useful part in the control 
of his aircraft. Closely allied to this condition 
is the "panic state," when, under the same 
stimulation, the pilot becomes so agitated that he



finds himself unable to make the response 
required by the developing situation.

At the opposite extreme there are conditions 
of flight where the sensory inflow is reduced to 
a minimum. This is most commonly encountered at 
high altitudes. In the stratosphere weather 
conditions are perfect and the normal bumps and 
swings of the aircraft no longer occur. There 
are few visual stimuli; the sky is very dark, 
while below.the earth is usually enshrouded with 
cloud like a white carpet. Apart from intermittent 
radio messages there is only the faint throbbing 
of the engines to keep out the invading silence. 
Under these conditions of sensory deprivation an 
interesting state develops called depersonalisation. 
This is a disorder of perception. The pilot’s 
mind wanders from his undemanding task and roams 
freely. He begins to dream and, within a short 
time, dreams and reality become inseparably mixed. 
In this state purposeful action is beyond his 
ability and any flight emergency will invite 
disaster.



Emotional factors are also of major 
significance. The everyday emotions of fear, 
anger and anxiety can diminish the level of 
cerebral alertness and predispose to unconscious­
ness due to some other factor (Powell, 1956, 1957; 
Silverman and Cohen and Lazar, 1957) or produce it 
rarely on their own account (Rook, 19h6).

Epilepsy is commonly invoked as an explanation 
of an unexplained loss of consciousness. At this 
point it is well to consider what is meant by 
epilepsy. To the clinician it is generally sub­
divided into grand mal and petit mal, both 
characterised by an interruption in the stream of 
consciousness. In the case met by the civilian 
medical practitioner these attacks occur spontan­
eously; however in many apparently normal people 
similar attacks can be provoked experimentally, 
the only difference being the intensity of the 
threshold stimulus. These latter cases are 
unlikely ever to have an attack under everyday 
conditions of life. The characteristic clonic 
seizures of epilepsy are also of doubtful signific­
ance: epilepsy is often associated with flaccidity,



while syncope may be associated with convulsive 
movements (Brown and McCormack, 19hl; Medical 
Research Council Report, 19^4). Similarly, in 
the Stokes-Adams syndrome convulsive movements 
are common: and, if cardiac ventricular stand­
still lasts for ten seconds or more, tonic and
clonic convulsions usually supervene. Parkinson, 
Papp and Evans (19̂ -1) have also shown that 
incontinence can occur in Stokes-Adams attacks.
Thus epilepsy is a condition in which patients 
are distinguished from the normal populace by 
their lowered threshold rather than by any inherent 
difference. It is fair to say that when an
isolated episode of unconsciousness is attributed
to epilepsy in an apparently healthy person with 
no previous convulsive history, the diagnosis is 
open to doubt. If by epilepsy is meant uncon­
sciousness due to some unknown factor, then it is 
perhaps justified but an unfortunate choice of 
expression.

Nevertheless, in spite of the foregoing 
discussion, cases of epilepsy may occur in the



air due to some additional stimulus not 
normally occurring on the ground and it must 
be remembered that an epileptic may become a 
pilot by deliberately misleading the medical 
boards with regard to his past history. This 
was relatively common in wartime (Rook, 19^6).

The post hoc diagnosis of unconsciousness 
in flight is fraught with difficulty as in many 
cases the pilot is dead and his body disintegrat 
ed. Apart from speculation there is little 
chance of firmly establishing the causation. 
Although the psycho-physiological factors 
mentioned above may be operative, it is always 
as well to look for more physical causes, as it 
seems probable that psychological strain is more 
likely to be a predisposing rather than a 
primary cause.

The physical factors which may be involved 
in disturbances of consciousness are changes in 
the cerebral circulation. Injury and noxious 
substances also play a part. However, in this 
discussion injury will not be considered as in



1 1 6 .

most cases the aircraft has not been in any 
accident when the incident occurs.

Although loss of consciousness in flight 
is commonly due to cerebral anaemia, it also 
occurs with cerebral congestion. The latter is 
due to arterial hypertension or increased venous 
back pressure. Arterial hypertension, while a 
cause of convulsions and unconsciousness, is not 
likely in the type of individual who is a pilot, 
since frequent medical examinations eliminate 
those who show any tendency to a high blood 
pressure. Venous congestion on the other hand 
is a distinct possibility. Cerebral congestion 
while flying classically occurs during manoeuvres 
involving negative g, that is, where the body is 
accelerated in a head to foot direction causing 
the blood to be forced into the vessels of the 
head and neck. Human tolerance limits are of 
the order of -3 to -3»5£ for 30 sec. (Maher, 19U8; 
Beckman, 1952; Sieker, 1952). The cause of 
unconsciousness appears to be cerebral anoxia 
arising from vascular stagnation. The latter



arises secondarily to the extreme bradycardia 
which develops in response to over-stimulation 
of the carotid sinus (Simons and Henry, 1950;
Henry, 1950). However, negative g aerobatics 
have been banned in the R.A.F. and eye witness 
reports can usually establish whether this type 
of manoeuvre preceded an aircraft crash. A 
more mundane cause of cerebral venous congestion 
is a bout of coughing. Rook (19U6) has describ­
ed four cases of aircrew who lost consciousness 
during coughing while Whitley (19U3) has describ­
ed four similar ones and found a hundred other 
non-aircrew cases in the literature. The 
mechanism by which syncope is produced in these 
cases has been described by Sharpey-Schafer (1953)* 
Thus coughing or choking may well be a cause of 
an incident in flight.

Cerebral anaemia is the classic cause of loss 
of consciousness. In the air the commonest cause 
of cerebral anaemia is positive acceleration.
When g  is applied two factors come into operation 
which cause or contribute to cerebral ischaemia.



Firstly, the abdominal contents are forced down 
into the pelvis with descent of the diaphragm 
(Ruff and Strughold, 1939; Rushmer, 19hh).
This effect is associated with descent and 
rotation of the heart - increasing the heart- 
brain distance. As the g increases so does the 
weight of the blood and the heart is called upon 
to do more work to maintain a supply of this 
heavy blood to the brain. This is aggravated 
by the increased heart-brain distance and so, 
with progressive g, the blood supply to the brain 
diminishes, the limiting factor being the pressure 
necessary to open the aortic valves. The second 
mechanism takes a longer time to develop and 
requires the g to be maintained for over 6 seconds. 
Blood pools in the abdomen and lower limbs so that 
venous return diminishes and as the systemic 
demand for a greater cardiac output arises the 
ventricles have less and less blood to fill them 
until eventually the ventricle may be completely 
empty during the latter stages of systole (Henry, 
1950). In practice both of these mechanisms 
occur together and each contributes to the failure 
to maintain an adequate circulation under g.



Other factors predisposing to cerebral 
anaemia are general ones: loss of blood or
extensive vasodilation elsewhere in the body, 
such as occurs with heat or after ingestion 
of alcohol. When there is extensive vaso­
dilation then pooling has to some extent 
commenced and the reduced efficiency of the heart 
is manifest in its rapid action with a low or 
falling blood pressure.

Alterations in cerebral blood flow can also 
occur locally within the skull, by vasoconstric­
tion or dilation. There is some evidence 
(Schmidt, 1950) that cerebro-vascular control is 
obtained by relaxation of a pre-existing high 
degree of tonus rather than by active vaso­
constriction. These changes might be brought 
about by nervous control or by local changes in 
vessels due to the accumulation of metabolic 
products. The evidence for the former is scanty 
and has been discussed by Schmidt and Kety (19U7) 
who conclude that nervous control is unlikely to 
be of any significance if it exists at all. On 
the other hand large variations in flow may be
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produced by metabolic products. All the usual 
concomitants of metabolism cause dilation of 
cerebral blood vessels: thus decreasing the 02

supply or increasing the pC02,hydrogen ion con­
centration, or deep body temperature causes an 
increased blood flow. In other words, cerebral 
flow is increased by the same factors as increas­
ed flow in other vital vascular territories. On 
the other hand the reverse condition is also pro­
duced by the opposite changes. This is especially 
true of the respiratory gases - a high 0  ̂tension 
and low CO2 tension causing increased vascular 
resistance. In fact a decreased pCO^ is the only 
physiological stimulus causing intense cerebral 
vasoconstriction and the response of the cerebral 
vessels is unique since no other vessels in the 
body are known to react to such a degree to hypo- 
capnia. The changes due to blood gases are shown 
in  Table ! •  - . :
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T A B L E  1

Effect of Changes in Arterial Gas Tensions on 
Cerebral Blood Flow in Man 

(after Kety and Schmidt 19U6. 19US)

Conditions
Mean Blood 
Pressure: 
mm.Hg.

Cerebral 
Blood 
PI ow: 
ml/100  
g./min.

Cerebral
Vascular
Resistance

Air Breathing 
Control 86 5k 1.6

Hyperventil­
ation 
(low 00 )̂

98 36 2.7

High (5-7%) 
co2 93 93 1 .0

Low (10%) 0„ 78 73 1.06

High 
(85-100%) 02 98 k5 2.2



Changes in the blood gases produce the 
most marked effect; cold, acids and cholin- 
esterases have little effect and it is doubtful 
if any vasoconstriction attributable to them 
occurs physiologically.

The effect of a high oxygen tension is 
interesting academically but until recently 
appeared to be of no practical importance.
However, in modern high speed aircraft, pure 
oxygen is breathed from take-off,and in low level 
flight is being inspired at atmospheric pressure. 
Although under these conditions local cerebral 
blood flow is diminished the oxygen tension is 
sufficient to prevent impairment of consciousness.
It must also be borne in mind that cerebral blood 
flow is largely determined by arterial blood 
pressure at head level.

To summarise, the main factors which may at 
various times cause a diminished cerebral circul­
ation are a fall in blood pressure at head level, 
cerebral venous congestion, generalised vasodilation



and local changes in the calibre of the blood 
vessels due to a high partial pressure of 
oxygen or a low partial pressure of carbon 
dioxide.

The other factors on which consciousness 
depends are an adequate supply of oxygen and 
nutrients reaching the nerve cells in the absence 
of noxious substances.

Since the ill-fated balloon flight of 
Tissandier and his colleagues, anoxia has con­
tinued to be a constant hazard in aviation. When 
aircraft in the second world war started to climb 
higher, it became apparent that better oxygen 
supply systems were needed. Above 10,000 feet 
in daytime, oxygen rather than air must be breath 
ed to maintain efficiency. At 3h,000 feet, 100 
per cent oxygen is required, while above ij.0,000  

feet pressure breathing becomes necessary. To 
maintain adequate levels of blood pO^ above this 
height, 100 per cent 02 is forced into the 
aviator's lungs at a positive pressure which



would increase with altitude to a value of about 
100 mm.Hg. at 70,000 feet. Thus above 10,000 
feet the oxygen supply is maintained by a 
mechanical system in which there is always the 
possibility of failure. The effects of oxygen 
lack are notoriously insidious and have been com­
pared to the early stages of drunkenness. At 
first there are errors of judgment associated with 
the inability to appreciate errors as they are 
made and this sense of over-confidence continues 
until consciousness is lost. It must be realised 
therefore that a pilot may be suffering from a 
mild degree of anoxia without being aware of it 
and, although he is conscious and quite confident 
of his ability, his alertness is diminished and he 
has moved down the scale towards the threshold of 
unconsciousness.

Other varieties of anoxia are encountered in 
flight. Anaemic anoxia is uncommon in aviators 
due to selection and the intensive medical 
attention they receive. However, stagnant anoxia



may arise in cerebral venous stasis as described 
above. Histotoxic anoxia may also occur when 
the oxygen is not utilizable at cell level. In 
flying this does occasionally occur whan the 
causative factors are noxious fumes (from the 
engine) entering the cockpit. Oarbon monoxide 
impairs the oxygen-carrying capacity of the blood; 
other vapours such as ethylene glycol act as cell 
poisons inhibiting the cellular enzyme systems 
responsible for oxygen transfer.

The most important nutrient for cerebral 
metabolism is glucose. A failure of the supply 
of this essential substance is rapidly followed 
by unconsciousness, while a sufficient decrease 
in its circulating level in the blood causes 
impairment of normal cerebration. There are wide 
individual variations in man's susceptibility to a 
low blood sugar but it is probably safe to say that 
a fall to 30 mg. per cent is usually associated 
with unconsciousness while levels below 70 mg. per 
cent will cause some diminution in cerebral function.



Prom these brief notes on the physiological 
factors leading to unconsciousness it can readily 
be appreciated that the continuum of conscious­
ness is easily breached and may be interrupted by 
many and varied simple conditions. Since these 
rarely act singly and are closely interrelated, 
it seems reasonable to suppose that several 
stresses, each in itself of subliminal value, may 
summate to produce a profound effect which cannot 
be related to any single factor.

In flight many of these stresses are 
potentially present. Pear, anxiety and positive 
acceleration are constant companions of the modern 
aviator, while hyper-ventilation and anoxia 
frequently occur. In the rapid pace of squadron 
life, hypoglycaemia also can easily arise, either 
from missing meals or to rebound after a purely 
carbohydrate meal. ' It therefore seems reasonable 
in an investigation of the cause of unconscious 
episodes in flight to examine in the first place 
the physiological stresses which are known to 
occur and to determine whether their summation may 
give rise to an incident which is unexplainable by



any one factor.

Since acceleration is ever present in high 
speed flight, it has been used as the basic 
stress to which others might be added. Loss of 
vision also provides a useful end point short of 
unconsciousness by which the effects of stress 
summation can be studied.

This part of the thesis presents the results 
of investigations into the effect of in-flight 
stresses on tolerance to positive acceleration.

There is little historical background to 
this problem which is essentially one of the 
"space age." Over the last few years, however, 
various pointers have emerged from the air forces 
of the western world. These will now be summar­
ised briefly.

It is felt that loss of consciousness of the 
pilot is probably not uncommon in modern high 
performance aircraft. Its incidence is difficult 
to determine as in most cases the episode will lead



to a fatal accident. In the U.S. Naval Centre 
at Pensacola, a questionnaire was circulated to 
pilots on the final stages of flying training 
asking for details of episodes in the air.
The results have been described by Stauffer (1952) 
who found that of a hundred and nineteen pilots, 
twenty-seven (twenty-three per cent) had been un­
conscious one or more times and often when flying 
solo. Stauffer concluded that these were due to 
positive acceleration and a lack of knowledge 
amongst the pilots of how to protect themselves.
In the U.S.A.P. training command anxiety was also 
being felt about the number of aircraft accidents 
in which failure of the human factor appeared to 
be the cause. A study of the aircrew's routine 
revealed that many pilots missed meals, or "made 
do" with snacks of coffee and doughnuts. Regula­
tions insisting on regular adequate meals resulted 
in a dramatic fall in the accident rate. This 
finding led Lawton (1933) to deduce that hypo- 
glycaemia was a factor in the causation of aircraft 
accidents.



In France investigations of* accidents due 
to pilot error have been reported by Senegas 
and Gantoni (1957) and Rexoond (1957)* The 
former, on the basis of ten fatal cases, ascribed 
the accidents to disorientation or misreading of 
instruments due to inexperience. A feature of 
all their cases was the failure of any pilots to 
eject, although adequate warning occurred.
(Several pilots were ordered to eject by their 
flight commanders but did not do so, nor did they 
acknowledge radio signals). The description of 
the cases does not allow any clear cut conclusions 
to be drawn in spite of their ingenious analysis 
by the authors. Each case might well have been 
due to loss of consciousness of the pilot.

Remond analyses loss of consciousness of 
obscure origin. His analysis involves psycho­
logical mechanisms and he lists five probable 
causes. These are:

1* Abnormal sensory sensitivity (e.g. reflex 
epilepsies), when various stimuli are 
repeated at certain frequencies in hyper- 
excitable subjects.



2• Psychomotor epilepsies occurring as 
a result of* stress causing activation 
of a cerebral area whose resistance 
is lowered by previous stress.

Syncopes in subjects with vagal hyper­
excitability in conditions such as 
heat, acceleration, emotional upset.

2l« Paroxysmal sleep.

5* Paroxysmal coma associated with 
visceral diseases.

There is no doubt these are causes of 
unconsciousness and may occur in flight. However, 
it is dubious if these causes alone would explain 
many aircraft accidents. The importance of this 
paper is that Remond points out that there are 
predisposing causes and that summation of stresses 
may occur to produce loss of consciousness.

In Holland there has been little information 
obtained. Palthe (1959) describes a condition 
of ,flipothymie” which is similar to Remond’s



syncope and is a general term to cover unexplained 
loss of consciousness in a normal person. He 
finds certain people exhibit this condition, e.g. 
fainting at the sight of blood, vasovagal attack 
in the heat or orthostatic collapse. He maintains 
that these lipothymic subjects are not more prone 
to aircraft accidents than those who have not this 
diathesis. He also describes a condition occurr­
ing with violent emotional stimulation called 
"Totstellreflexe" which is akir̂ jsia with mutism, or 
to panic with loss of purposeful action. He is 
unable to relate these conditions to known accidents 
but points out that they may be involved.

Previously Palthe (1953) pointed out that 
the effect of hyperventilation was potentiated by 
a concurrent hypoglycaemia and that a number of 
people were susceptible to this combination which 
he called the Hv.Hg. complex. These people would 
lose consciousness by "taking one hundred breaths 
in three minutes" if their blood sugar was low.
This could be aborted by induced hyperglycaemia 
which also normalised the E.E.G-. The condition 
does not appear if the subject hyperventilates 
half an hour after the ingestion of fifty grams



of glucose. On the basis of these findings,
Palthe advocates that pilots should not fly on 
an empty stomach and, when physical or mental 
stress is anticipated, the taking of sugar is 
advisable. Thus the elements of summation of 
effect of hyperventilation and hypoglycaemia 
were appreciated by Palthe and in his description 
of "lipothymie" he acknowledges several of the 
other factors which may cause loss of consciousness.

The Norwegian Air Force were amongst those 
who recognised that heat might influence the 
pilot’s tolerance to acceleration. No research 
has been carried out but, on questioning, aircrew 
stated that they could not "pull tight turns" 
after they had been flying in immersion suits 
which made them hot. A similar finding was 
reported by Martin and Henry (1951)• These latter 
authors carried out an experiment in the centrifuge 
at Wright Patterson Air Force Base which consisted 
of determining a man’s g threshold using the 
peripheral light system and then heating or cool­
ing his environment and carrying out duplicate



measurements. There was no attempt to control 
the experiment and the subject was either normal, 
cold and shivering or hot and sweating. It is 
therefore difficult to know just what heat load 
was applied. However, when the subject was hot 
his threshold fell by about 0.2g, from which the 
authors conclude that as long as heat regulation 
is successful the subject will not show significant 
impairment of g tolerance.

The same anxiety over loss of consciousness 
is being felt by the Indian Air Force. In many 
of their fatal aircraft accidents a similar history 
can be obtained. An aircraft takes off in the 
early morning to avoid the excessive heat load 
which occurs later in the day. The pilot climbs 
to about ten thousand feet and carries out some 
aerobatics, the aircraft is then seen to fly into 
the ground. Subsequent analysis frequently shows 
that the pilot has risen late and missed his break­
fast. Although no experimental data has been 
obtained, these observations have led Indian 
medical officers to postulate that hypoglycaemia 
and heat may lower the threshold of consciousness 
and predispose to collapse in the air.



The most pertinent data has been provided 
by the researches of the Canadian team working 
at the Aviation Medical Laboratory (D.R.M.L.), 
Toronto. Powell (1956) collected a series of 
nine cases of pilots who had survived an episode 
of unconsciousness in the air. No pathological 
lesion was found on examination but, in each case, 
there were several factors operating which may 
have contributed to the incident. The episodes 
were labelled "physiological unconsciousness" and 
the possible operating factors in their production 
were:

(a) Previous or concomitant positive acceleration

(b) Hypoglyeaemia;

(c) Hyperventilation;

(d) Fear or anxiety;

(e) Susceptible subjects who had early slow 
E.E.G. activity with hyperventilation.

Further work in D.R.M.L. established this 
concept more firmly and has been reported by Brent, 
Caney, Powell, Scott, Taylor and Franks (1957), who
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found fasting, hyperventilation and £ summated 
to produce earlier showing of the E.E.G-. than 
ene alone or any combination of two. Of their 
fourteen cases, three lost consciousness at levels 
of 3*Qg - 3*5g» In the last year Scott (personal 
communication), working at D.R.M.L., has continued 
this work and confirmed the findings, although he 
believes that delta activity in the E.E.G. preceeds 
the loss of consciousness and is of diagnostic 
importance. This has not been the finding in the 
present study.
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C H A P T E R  I I

THE EFFECT OP HEAT ON TOLERANCE TO 
ACCELERATION

A synergism between heat and other flight 
stresses is suggested by the accident rates in 
the eastern air forces. In the Middle and Par 
East Air Forces the fatal accident rates where 
pilot error is thought to be the cause are higher 
in the hot season, while in the Indian Air Force 
the accident rate shows a sharp increase in 
February and is maintained high throughout the 
summer months (Nath, personal communication).

Although the development of high body 
temperatures in normal people is associated with 
the tropics, in a modern air force it may occur in 
aircrew regardless of the operational theatre and 
is one of the immediate problems of high speed 
flight.

The origin of the heat may conveniently be 
considered under two headings, static and kinetic.



(a) Static.

To-day aircraft on "standby” require to be 
standing on the runway with their crews in place 
ready for immediate take-off. It is in this 
situation that high static heat loads are mainly 
encountered. In Fig. 1 the temperature inside 
the cockpit of a Canberra aircraft is compared 
with the ambient air temperature on a sunny day.
The difference between the two represents the 
effect of solar radiation due to the "glasshouse 
effect." It can well be understood that at hign 
altitudes the effect of solar radiation will be 
increased as the filtering effect of the atmosphere 
diminishes. Blockly, MeCutchan and Taylor (195U) 
showed a 20 per cent increase in heat load due to 
solar radiation at 100,000 ft. as compared to 
3,000 ft. Thus even the static heat load alone 
is sufficient to limit human performance or in 
some cases to cause collapse.

(b) Kinetic heating (sometimes called aerodynamic 
heating) is derived from two sources, "ram air 
effect," which is compression of air by the impact



of the aircraft structure and skin friction due 
to the viscous motion of the air over the aircraft 
surfaces. Both of these depend on the velocity 
of the aircraft and will become increasingly 
important as aircraft progress even further beyond 
the speed of sound.

Fig. 2 shows the aircraft surface temperature 
which occurs at Mach 1.0 at various altitudes.
For comparison, curves are also shown for Mach 1.5 
through h»0 which will be being attained in the 
near future (Mach number is the ratio of true air 
speed to the local speed of sound at any altitude). 
From this graph it will be seen that above Mach 1.0 
at altitudes below 35,000 ft. the temperatures may 
be beyond the limits of the human body. Y/hen one 
adds the additional heat arising in the cockpit due 
to the "glasshouse effect" of solar radiation, the 
heat load becomes extremely high and even with 
present cooling systems the aviator may be unable 
to maintain heat balance.

With these points in mind, it is of interest 
and of importance to study the effect of heat on



human tolerance to acceleration. This chapter 
presents the results of such a study.

METHOD

Tolerance to acceleration was measured by 
means of a visual threshold determination. The 
end point used was loss of central vision with 
the dark adapted eye as described in Part I,
Chapter IX.

The temperature of the gondolas of the human 
centrifuge cannot be accurately controlled. It 
was decided therefore to heat the man, rather than
his environment. The method was to supply an
adequate amount of heat to the subject and as far 
as possible to eliminate heat loss from the body.
At high temperatures loss of heat is by evaporation 
of sweat. The prime object therefore was to 
exclude this means of temperature regulation. To
this end the subject, clad in shorts and suitably 
instrumented, (Plate I) donned a polythene overall 
which was tight fitting at the neck, wrists and 
ankles. On his feet he wore polythene boots which 
overlapped the suit and rubber gloves were worn



overlapping the sleeves. This assembly is shown 
in Plate II. When sweating commenced, the 
atmosphere within this clothing assembly rapidly 
became saturated after which no further evapora­
tion of sweat took place. On top of the insulat­
ing polythene layer was worn an R.A.F. electrically 
heated suit. This suit operated from a 2I4V 0 D.C. 
supply and had an output of 300 watts. Further 
insulation against heat loss was provided by sheep­
skin flying boots and lined flying gauntlets. This 
final assembly is shown in Plate III. As an 
additional safeguard against heat loss by radiation 
and convection, the ambient temperature of the 
gondola was raised by means of a 1500-watt convector 
heater below the subject’s seat and a 500-watt 
infra-red lamp directed at the subject’s head. The 
effect of these car heaters on ambient air tempera­
ture is shown in Fig. 3 . By the above means it 
was found possible to raise the mouth temperature 
of the subject to 101°F. in U5-60 min.

Seven experienced centrifuge subjects were 
used for the investigation, none of whom had taken



part in any other heat experiments in the previous 
year. Each subject carried out two runs to act 
as controls for threshold and mouth temperature. 
Both the subject’s and the gondola heating were 
then switched on and further thresholds estimated 
at varying periods of time until a mouth tempera­
ture of 101°F. was reached, or until the subject 
asked for the experiment to be terminated.

Routine recordings were made of mouth 
temperature and pulse rate. The latter was 
obtained from the electrocardiogram - the leads 
used for the E.C.G-. 's were standard lead I, aVF, 
Vi, V V  In order to minimise 50 cycle mains 
frequency interference induced in the E.C.G-. leads 
from the elements of the electrically heated suit, 
the D.C. supply was earthed, thereby surrounding 
the subject with an effective screen. In some 
subjects records of respiration and skin tempera­
ture were obtained. Mouth temperatures were 
measured by means of a thermocouple embedded in 
dental wax held between teeth and cheek; this was 
frequently checked against a clinical thermometer. 
Respiration was recorded from a thermocouple in



the nostril. Plate I shows the instrumented 
subject before donning the clothing assembly.

RESULTS

Two distinct types of response to the effect 
of heat on g tolerance were obtained. The first 
group of three subjects (M .K .B .,  N.L.A., P.G.) 
showed a large fall in threshold when their deep 
body temperature was raised (Pig. h). The total 
changes in the three parameters measured are shown 
in Table 2.

T A B L E  2

Changes in Mouth Temperature, g Threshold and Pulse
Rate in the Subjects of Group I during Heating

Subjects M.K.B. N.L.A. P.G.
Duration of heating (min.) 50 b9 ho

Initial temperature (°P.) 99.2 98.8 98.7
Pinal temperature (°P.) 101.0 101.5 101.2

Rise in temperature (°P.) 1.8 2.7 2.5
Initial threshold.(g) 2.6 3*k 2.7
Pinal threshold (g) 1.2 2.1 1 .8

Pall in threshold (g) l.h 1.3 0.9
Initial pulse rate/min. 96 93 115
% increase in pulse rate 34*h bk»o 27.8



Prom Pig. U it will be seen that the mouth 
temperature rose slowly at first during the stage 
when the gondola was cool and the subjectfs sweat 
was evaporating within the suit. After about 20 
min. the mouth temperature began to rise rapidly 
and in a linear fashion. It is reasonable to 
assume that this point of inflection of the curve 
represents the time at which the heat capacity 
of the shell was exceeded and heat loss from the 
head could not compensate for the steady heat input 
and is a measure of the efficiency of the polythene 
clothing.

During the first 20-30 min. there is an 
inconstant change in the threshold; M.K.B. shows 
little change, N.L.A. a slight fall and P.G. a rise. 
Thereafter there is a progressive fall in threshold 
as the temperature rises. It is interesting to 
examine the changes occurring in this latter phase 
of the experiment. These are shown in Table 3.
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T A B L E  3

The changes in the mouth temperature and g threshold 
of* the subjects in Group I are shown for the latter 
part of the experiment (from the inflection of the 

threshold curve).

Subjects M.K.B. N.L.A. P.G.
Threshold at point of 

inflection (g) 2.6 3.2 3.2

Pinal threshold (g) 1 .2 2.1 1 .8

Change in threshold (g) -l.U -1.1 -l.U
Mouth temperature at point 

of inflection ( P.) 99.il- 100.u 99.6

Pinal temperature (°P.) 101.0 101.5 101.2

Change in temperature (°P.) +1.6 +1.1 +1 .6

Rate of change of threshold 
with respect toQ 
temperature (g/ P.)

0.88 1.00 0.88

Prom Table 3 it will be seen that the rate of
change of threshold with temperature is very similar 
in the three subjects and, as can be seen in Pig. k ,  

is almost linear.

The changes in pulse rate with heat are as 
expected. The added £ produces the same change



in pulse rate whether the temperature is normal 
or high. The effect of g on the pulse rate is 
represented by the shaded areas in the graphs.

In the second group of subjects the changes 
in body temperature were of the same order as in 
Group I. The change in threshold, however, was 
very much less (Pig. 5)* There was no significant 
difference between the two groups of subjects as 
regards age, height or weight. The results for 
this group of subjects are shown in Table h*

T A B L E  ii

Changes in Mouth Temperature, g Threshold and Pulse 
Rates in the Subjects of Group II during Heating.

Subjects J.C.G. G.H.B. O.McE. P.L.

Duration of heating 55 
(min.)
Initial temperature 99*1 
( p . )

72
97.7

65
98.0

60

99.0

F^nal temperature 102 

Rjse^in temperature 2.9 
Initial threshold (g) 3*k

100.9
3.2
2.f

100.7
2.7
2 . h

100.9
1.9
2.6

Pinal threshold (g) 2.7 2 . k 2.U 2.1

Pall in threshold (g) 0.7 0.5 0 .0 0.5
Initial pulse rate 100 
(per min.)
% increase in pulse i+0

72
62.5

70 —

rate



In this group of subjects the increase in 
body temperature was greater than in the previous 
feroup due to lower initial temperatures. The 
fall in threshold, however, was much less, one 
subject (C.McE.) showing no change at all. The 
change in pulse rate was larger than those of 
group I; this can be explained by the slightly 
larger temperature increases to which they were 
subjected. One subject (C.McE.) became uncon­
scious during the last centrifuge run, just at the 
moment he signalled black-out.

The subjective sensations recorded by the two 
groups of subjects varied. The subjects of Group 
I noticed no change in the quality of the end-point 
and did not realize their threshold was falling.
The subjects of Group II all noticed that the end­
point was associated with unpleasant constitutional 
upset and was a true black-out rather than simple 
central light loss. Pig. 6 shows the changes in 
threshold for all subjects, the results are shown 
in Table 5»
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T A B L E  5

Shows the Changes in Threshold of all Subjects
expressed as a Percentage of the Normal Value. 
The Relation between this Fall and the Change in 

Temperature is also shown.

Group Subject
% Change 
in
Threshold

Change in 
Mouth
Temperature

% Pall in 
Temperature' 
per °P.

M.K.B. - 5 3 .5 +1.8 29.8
I N.L.A. - 3 6 . 8 +2.7 13 .6

P.G. - 3 9 .0 +2.5 15 .6

J.C.G. - 2 0 . 0 +2.9 6 . 9

II
G.H.B. - 1 5 . 5 +3 .2 U.9
C.McE. 0 .0 +2.7 0 . 0
P.L. - 1 8 . 5 +1.9 9 . 7 5



Prom Table 5 it can be seen there is a 
large difference in response to heat between the 
two groups, Group II showing a smaller percentage 
fall in threshold in spite of a greater increase 
in temperature.

DISCUSSION

"When man stands erect without moving, he 
hovers on the verge of circulatory collapse” 
(Asmussen, Christiansen and Nielson, 19U0).
This statement expresses the problem of gravity 
shock and orthostatic hypotension to a nicety.
The adoption of the erect posture by the primates 
has placed a strain on the circulatory system. 
Despite compensatory reflexes such as tachycardia 
and vasoconstriction arising from the pressure 
sensitive areas of the carotid sinus and aorta, 
and increased production of adrenaline and nor­
adrenaline (Munro, 1958), there is still a fall in 
blood pressure when man rises from the reclining to 
the erect posture. This fall may be transient if 
the compensatory mechanisms are efficient, but 
there Is a .certain number of individuals in whom 
the hypotension persists and often leads to syncope.



This fall in blood pressure is aggravated in all 
subjects if the change in position is passive or 
if, when erect, the subject stands without moving. 
The hypotension is due to the pooling of blood in 
the dependent parts of the body under the action 
of gravity. The pooling in the abdomen on stand­
ing is small compared to the loss into the legs 
(McLean, Allen and Magath, 19UU) and many ortho­
static circulatory failures can be prevented by 
tourniquets round the legs. These circulatory 
changes are analogous to the circulatory changes 
under acceleration. In the latter case we are 
merely aggravating the effect of gravity; thus 
the subject standing erect without moving can 
tolerate little acceleration even with full use of 
his compensatory reflexes. The situation arising 
in the human centrifuge is very similar to a 
subject being tilted from the horizontal to the 
vertical only in the centrifuge the subject stays 
seated at rest and a £ field is created around him.

Heat produces similar changes on the 
circulation. As the body temperature rises, 
there is a progressive vasodilation, large areas
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of the cutaneous vascular bed opening to allow 
heat exchange. These changes are accompanied 
by changes in the blood pressure, cardiac 
output and blood volume (Scott, Bazett and Mackie, 
191*0). There is, at first, a fall in blood 
pressure which, however, is offset by an increas­
ed cardiac output which may amount to 30 per cent 
of the basal value (Herrington, 19U0), and for 
the subject reclining at rest, this allows the 
mean blood pressure to remain at normal levels 
(there is a rise in systolic blood pressure and a 
fall in diastolic blood pressure). The vaso­
dilation accompanied by an increased cardiac output 
is associated with an increase in plasma volume 
(Bazett, Sunderman, Doupe and Scott, 19h0). This 
increase, however, takes at least several hours to 
develop (Newburgh, 19U9) and is not applicable to 
short exposures. In a short exposure there is a loss 
of effective circulating blood voluipe and a tachy­
cardia and increased cardiac output. Thus the 
subject at rest in the heat is already utilizing 
his compensatory mechanisms to maintain his 
circulation. If any additional stress is added, 
e.g. gravity, then he will have little reserve to



combat it and collapse may ensue.- This is 
borne out by experimental data. Eichna (1947) 
found 23 per cent of 150 men had orthostatic 
hypotension with a reduced cardiac output and 
tachycardia when standing in a hot environment. 
Thus heat can push man over the brink into 
orthostatic circulatory collapse. The position 
has been summed up by Hellebrandt and Franseen 
(1943) who say: "Gravity shock is aggravated by
high environmental temperatures which augment the 
disparity between the volume capacity of the 
vascular bed and the volume blood flow.1*

During accelerations, which are equivalent 
to an augmented postural change in their effect 
on the circulation (vide supra), it is to be 
anticipated that heat will have a similar adverse 
effect on tolerance. This change was shown by 
the subjects of Group I, whose threshold fell 
progressively with rise in body temperature.
Taken as a whole there was a large subject to 
subject variation in the fall in threshold (Table 
5). However, if the experiment was considered 
in two parts - (a) the initial half when the heat 
capacity of the shell was falling and the mouth



temperature rising slowly and (b) the second 
half when the compensation was inadequate and 
the temperature rising rapidly - there is more 
correlation between subjects. In the first 
half (a), there is a small inconstant change in 
the threshold. In (b), however, all subjects 
show an almost linear fall in threshold; the value 
for the three subjects of this group being 0.9 ,
1.0 and 0.9 g/°P.

In the second group there was a fall in 
threshold in three of the four subjects but this 
was small in comparison to the change in Group I.
A clue to the probable reason for this is given 
by the fourth subject (C.McE.) who showed no change 
in threshold measured by central light loss, but 
lost consciousness at threshold on the last run.
The level of £ at which this episode took place 
was 2.4 B.9 which is well below the unconscious 
threshold of the relaxed subject (4-5 g)• There 
was therefore a fall in tolerance to acceleration 
of about 40-50 per cent, although this was not 
reflected in the determination of central light 
loss. This subject said that he felt panic-



stricken and could feel his heart pounding, 
which frightened him even more. The central 
light loss under the present conditions of 
determination occurs about 1-2 g below the level 
of unconsciousness and 0.5 - 1 g below absolute 
blackout levels. If the subject tenses himself, 
however, he can retain his vision up to the 
absolute blackout level, since by tensing he 
improves the venous return to the heart and 
elevates his diaphragm and so the blood pressure 
at head level is maintained. If fear and muscle 
tension are present, then the difference in level 
between greyout, blackout and unconsciousness 
becomes negligible and collapse occurs with little 
visual warning. This is almost certainly what 
happened to C. McE. He admits to being frighten­
ed and being unable to relax and it seems likely 
that he maintained the level of C.L.L. by tensing 
until, in the last run, his absolute blackout 
level had come down to 2 .4 g and at this point, 
knowing it was the final run, he relaxed somewhat 
and immediately lost consciousness. Thus the 
three other subjects of Group II may also have 
been tense and so have shown only a small fall



in threshold as measured by C.L.L., although 
in fact their absolute blackout and unconscious 
thresholds were falling markedly. This hypo­
thesis is borne out to some extent by their 
subjective statements that the end point was 
more like an absolute blackout than mere central 
light loss; and by the fact that two of them 
(j.C.G. and G.H.B.) were noticeably restless and 
were continually shuffling their feet. This 
latter change is reminiscent of the compulsive 
restlessness which occurs in resting men subjected 
to high heat loads. Thus, although the subjects 
of Group II showed a smaller fall in threshold as 
measured under the conditions of the experiment, 
it is probable that their threshold to classical 
blackout or unconsciousness would be similar to 
that of Group I.

CONCLUSIONS.

Raising the body temperature to levels which 
occur in modern aircraft under tropical conditions 
and during high speed flight diminishes man’s 
ability to withstand other circulatory stress. In 
hot conditions, orthostatic hypotension is more



common and any increase of gravitational force 
may be associated with collapse. Similarly 
heat lowers man’s tolerance to positive acceler­
ation and may precipitate unconsciousness at 
very low g levels. Thus summation of the effects 
of heat and g do occur.

SUMMARY

The effect of heat on human tolerance to 
acceleration has been studied in the human centri­
fuge. Seven subjects were heated by means of 
electrically heated suits worn over polythene 
overalls until their body temperature was 100 - 
102°F. Using the technique of central light loss 
with the dark-adapted eye, their thresholds were 
measured before and during the application of heat 
stress. Changes in pulse rates were also measur­
ed during the course of the experiments.

In all cases raising the body temperature 
resulted in a fall of the g level at which central 
light loss occurred. Two types of response were 
noted. Heat caused a fall of 15-30 per cent in 
threshold in one group and of 5-10 per cent in the



other. It is postulated that the small fall 
in the latter group is artefact and that in 
fact they also experienced a large fall in 
threshold. One subject of the latter group 
lost cohsciousness at 2.U g with a mouth temper 
ature of 100.7°F.

It has been shown that these two stresses 
( g and heat) summate in their effect and may 
produce unconsciousness at a low level of g .
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C H A P T E R  I I I

The Effect of Breathing Pure Oxygen at 
Atmospheric Pressure on Tolerance to 

Acceleration.

It has already been pointed out (Part I, 
Chapter III; Part II, Chapter i) that the 
effects of positive acceleration are primarily 
due to a diminished cerebral blood flow (C.B.F.). 
It therefore seems not unlikely that substances 
lowering the cerebral blood flow will have an 
adverse effect on tolerance to acceleration. One 
such substance of prime importance in aviation 
is pure oxygen.

The respiratory response to pure oxygen 
has been described by Shephard (1955) and the 
cardiovascular effects by Whitehorn, Edelman and 
Hitchcock (1946) and more recently by Alveryd 
and Brody (1948). The action of excess of 
oxygen on the systemic blood vessels is twofold, 
a direct vasoconstrictive effect and a reflex 
tendency to vasodilation mediated by the chemo- 
receptors. This latter action is minimal in



the cerebral circulation where the effect of 
100 per cent oxygen is vasoconstriction 
(Schmidt, 1950). It has recently been suggest­
ed (Lambertson, 1958) that this effect is not 
due to the oxygen itself but is the result of 
local tissue hypocapnia which arises due to 
abolition of the Bohr effect by oxygen. 
Nevertheless, the nett effect of breathing pure 
oxygen, whatever the mechanism, is a reduction 
in C.B.F. of some 10-13 per cent (Kety and 
Schmidt, 1948). This vasoconstriction occurs 
also in the retinal vessels (Taylor and Marburger, 
1943; Bean, 1945)? where a reduction in calibre 
of IO-38 per cent has beem reported by Cusick, 
Benson and Boothby (1940). Thus even short of 
unconsciousness, blackout thresholds might be 
lowered when breathing pure oxygen. It has also 
recently been shown by Miles (1957) that the use 
of 100 per cent oxygen lowers the syncope threshold 
of normal individuals during passive tilting.

It is obvious that any mutual interaction of 
these two factors (fi and 100 per cent 0 )̂ leading 
to a lowering of the threshold of consciousness



would be of serious import in a high spged 
aircraft, especially at low level.

This chapter presents the results of an 
investigation into the effect of breathing pure 
oxygen at atmospheric pressure on the g threshold.

The experiments were carried out in two 
stages. The first stage consisted of estimating 
g tolerance by means of the dark adaptation 
method described in Part I, Chapter IX. The 
second stage arose from the results of the first 
and consisted of measuring tolerance by the levels 
Of £ at which classical blackout and unconscious­
ness developed. These two parts will be discussed 
separately in the order in which they presented.

STAGE I 
Methods and Materials

The threshold was measured using central 
light loss by the dark adapted eye as the end- 
point (Part I, Chapter IX).

The 100 per cent oxygen was breathed through



a demand system using a Mfc.17 demand regulator 
and a nP" mask with toggle harness. This mask 
is fitted with a harness which presses it firmly 
against the face and prevents slip under g. It 
also serves to ensure a fit so that the slight 
negative pressure developed in the mask at the 
beginning of inspiration does not allow air leak 
at the sides. The ihspiratory valve of the 
mask was removed and a simple expiratory-valve 
fitted to reduce the back pressure which tends to 
produce hyperventilation. The oxygen was suppli­
ed from a high pressure cylinder. Two demand 
regulators were fitted side by side, one connected 
to the oxygen supply, the other to the atmosphere. 
From the regulators the hoses ran to a three-way 
tap from whence a connection ran to the mask 
(Fig. 7)« Thus, by selection, air or oxygen 
could be supplied to the subject, while the use 
of two regulators allowed an approximately equal 
resistance to breathing regardless of which gas 
was being used.

Six experienced centrifuge subjects were used 
for the experiment. All had considerable exper­
ience of the method of threshold determination and



repeated thresholds could be obtained with a 
very small scatter (Max. S.D. + 0.15 g). The 
subjects were told they might breathe air, 10 

per cent oxygen or 100 per cent oxygen, but were
not told which mixtures were in use. The 
subject seated himself in the car, the mask was 
fitted comfortably to his face and the appropr­
iate gas selected. In all cases air was used 
first followed by 100 per cent oxygen. Two 
control threshold values were determined at 10 

min. and 15 min. while breathing air. Following 
the latter run, the tap was turned to 100 per cent 
oxygen and further threshold runs were made after 
5 , 1 0, 15 and 20 min. on pure oxygen.

As the subject’s microphone is always alive 
and there is a loud click from the regulator at 
the beginning and end of inspiration, the breath­
ing pattern could be easily heard. In addition 
records of respiration were obtained from a 
pressure tapping in the mask, differences in 
pressure across the mask being recorded as a low 
frequency wave form via a Statham pressure trans­
ducer (Fig. 7)* Pulses were obtained from a



lead I electrocardiogram.

Results

The changes in blackout threshold while 
breathing pure oxygen are shown graphically in 
Fig. 8. It will be seen that there is an 
increase in threshold for the first ten minutes 
followed by a fall to normal values or, in one 
subject (N.L.A.), to a subnormal value (See 
Table 6).

T A B L E  6

Blackout Thresholds breathing Air and 
breathing 100 per cent Oxygen at 

Atmospheric Pressure.

Subject
Control

Thresholds-g
Thresholds while breathing 100$ 

02 -£

(a) (b) 5 min. 10 min. 15 min. 20 min.
F.L. 2.6 2.5 2.7 3.0 2.7 2.7
N.L.A. 3.3 3-3 3.3 3.U 3.1 2.7
A.C. 2.9 2.9 3®3 3.5 3.U 3.2
C.McE. 2.U 2.U 2.9 3.0 2.9 2.8

M.K.B. 2.3 2.3 2.5 2.7 2.7 2.5
P.G. 3.1 3.1 3.8 U.o 3.5 3.1

Means 2.8 2.75 3.1 3.3 3.05 2.8



Analysis of variance shows the difference 
between the control levels and the value at 10 
min. to be significant (P = .001); and the 
difference between the values at 10 and 20 min. 
to be significant (P = .001). There is no 
significant difference between the control thres­
hold and the threshold measured after 20 min. 
breathing oxygen.

From Table 7 it can be seen that there is no 
significant change in the pulse rate while breath­
ing oxygen. The response of the heart rate to g 
similarly shows no significant difference when 
breathing oxygen as compared to breathing air.

With the apparatus used in these experiments 
the inhalation of oxygen at atmospheric pressure 
produces no significant difference in the respira­
tory rate (Table 8). There is no tendency of 
the subjects to hyperventilate as judged from the 
records and from listening to their breathing.
The change in respiratory rate due to acceleration 
was measured. The results are shown in Table 9. 
There is a significant increase in respiratory rate 
under g. This increase was from 2U-28 per cent of 
the resting value.
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T A B L E  8

E f f e c t  o f  Pure Oxygen at Atmospheric Pressure  on 
R esp ir a to ry  Rate .  The Values rep resen t  the Mean 

Rate measured over 50 s e c ,  pr ior  to  the  
Threshold Runs

BREATHING RESPIRATORY RATE:Breaths/min.

Subject Breath ing
Air

Breathing 100% Oxygen fo r

5 rain. 10  min. 15  min. 20  min.

P.G. 16 19 17 18 21

N.L.A. 12 11 11 11 11

M.K.B.- 16 16 17 15 I k

J.C.G. 19 18 l k 15 15

T A B L E 9

E f f e c t  o f  A c c e l e r a t io n  on R esp ira tory  Rate .  The
In cr ea se  in  Rate at  Peak g i s  expressed as a 

Percentage o f  the R es t in g  S t a t i c  Value.  Values  
are g iven  fo r  a i r  and oxygen.

Subject

% INCREASE IN RESPIRATORY RATE

Breathing
Air

Breathing 0^ fo r

10  min. 15  min. 20  min.

P.G. 25 22 26 20

N.L.A. 25 2b 28 2b

M.K.B. 25 23 2b 20

J . O . G . 36 29 32 32



Since it seemed possible that false results 
might be obtained if dark adaptation were affect­
ed by 100 per cent 0^, two subjects bbeathed pure 
Og for 30 min., their absolute visual threshold 
being estimated every 5 min. The results showed 
no significant change in absolute visual threshold 
under the conditions of the experiment.

DISCUSSION

Although breathing pure oxygen at atmospheric 
pressure causes a reduction of C.B.P., it caused no 
fall in threshold under the conditions of the present 
experiment. A possible explanation is that, although 
C.B.F. is diminished the higher oxygen content of the 
blood allows a normal cerebral oxygen utilisation.
If this be the case, then it might be anticipated 
that no change in threshold would occur. However, 
there was a significant rise in threshold for the 
first ten minutes of the experiment followed by a 
fall to pre^oxygen levels at twenty minutes. There 
is a large variation in tissue sensitivity to anoxia, 
the retina being one of the most sensitive tissues. 
Night vision is especially susceptible to hypoxia and 
a diminution can be shown at heights of lj.00 feet



when the barometric pressure has fallen by 
100 mm.Hg. Since the present method depends 
on the ability to see a central spot with the 
dark adapted eye, the oxygen content of the 
arterial blood may well be critical. Let us 
assume that central light loss occurs at 3.0 g.
At this level the arterial pressure is in the 
range of 60-90 mm.Hg. systolic and 3O-5O mm.Hg. 
diastolic (Pig. 9) which allows an adequate 
retinal blood flow to support day vision. However, 
the sensitivity of the retina to anoxia is such 
that the reduced quantity of oxygen reaching the 
eye cannot support dark vision and so the central 
light disappears. When the subject breathes 
pure oxygen then, although the blood flow is the 
same (assuming no change in calibre of the vessels), 
the quantity of oxygen reaching the eye is 
increased and so vision is retained. At higher 
levels, when the blood flow is reduced still 
further, then vision is again lost when the 
quantity of oxygen reaching the eye is diminished 
to the previous level. If this concept is true, 
it provides an adequate explanation of the rise in 
threshold to a peak at 10 min., since equilibrium 
between the inspired oxygen and the arterial
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oxygen takes 7-10 min. to be reached. The fall 
in threshold following the peak can be explained 
by the same principle. As vasoconstriction of 
the retinal vessels due to oxygen increases, then 
the blood flow is further reduced and blackout 
occurs at lower £ levels until equilibrium is 
reached. On the basis of the above theory, 
there would be no further fall in threshold once 
vasoconstriction is complete. This was borne out 
in two subjects (P.O., P.L.) who continued breath­
ing 100 per cent 02 for a further 10 min. During 
this period there was no further change in threshold. 
There is no experimental proof for the above theory, 
apart from the fact that equilibrium between 
inspired 100 per cent 0^ and arterial blood is not 
attained for 7“10 min., and therefore maximal 
vasoconstriction only occurs after the tenth minute. 
If this theory is correct, then the blackout obtaih- 
ed at values from 1.5 £ upwards using the various 
methods depending on dark adaptation is a result of 
the sensitivity of the retina to anoxia and central 
theories do not require to be invoked. Although 
this investigation has shed some light on the 
mechanism of the low thresholds measured in the



dark, it has not provided the desired information 
on tolerance. This was investigated further using 
unconsciousness as the end point (Stage II).

There tfas no significant change in the resting 
respiratory rate, although three of the four subjects 
showed a slight fall. This agrees with the find­
ing of Poulton (1953) who found no change in mean 
respiratory rate when breathing pure oxygen at 
atmospheric pressure over a period of 8 min., 
although Dripps and Comroe (1947) found a  slight 
fall in rate followed by a rise. There is, however, 
a change in respiratory rate under £. The increase 
of about 25 per cent in rate at 3“3*5 £ agrees well 
with the findings of Lombard, Roth and Drury (1948), 
who noted an increase of 4 respirations per minute at 
3 £ and Von Diringshofen (1934)> who noticed a slight 
increase during £. It does not agree with the large 
increases in rate reported by Gemelli (1938) and 
Gauer (1938). It should be noted that the rates of 
40/min. and 30/min. quoted by these authors were 
obtained at 4*0 £ and 4*7 £ respectively and the 
rates of application were undoubtedly much faster 
than that in use in the present experiment.



Dripps and Comroe (19̂ 4-7) described a 
bradycardia during oxygen administration, the 
fall in pulse rate amounting to 3“U per cent 
of the resting value. In this experiment no 
significant change in pulse rate was foundf 

This was probably due to the fact that apprehen­
sion in the present series of subjects produced 
a slight tachycardia which obscured any slowing 
of the pulse due to the oxygen administration.

S T A G E  II 

METHODS AND MATERIALS

The two end points used for threshold 
determination in this stage were (a) classical 
blackout and (b) unconsciousness. The type of 
centrifuge run was the same as that used in the dark 
adaptation method. The centrifuge was accelerated 
linearly at 0.1 g/sec. to a peak of 8.0 g. If 
the subject had not lost consciousness when peak 
g was reached the run was continued at 8.0 g until 
the end point occurred. A bright central red 
light was fitted in the gondola on which the 
subject fixated. He was given a push button and



instructed to press it firmly when the central 
light disappeared and on no account was he to 
release the button until the termination of the 
run. In actual fact the run was continued until 
it was noted on the record that his finger had 
released the button, this was assumed to be the 
point where consciousness was lost. This end point 
was verified in each case by the medical observer 
in the centrifdge centre section who could see when 
the subject became unconscious.

The gas supply system was the same as that 
described in Stage I. An additional measure of 
respiration was obtained by fitting a differential 
capacitance manometer in the gas supply tube.
This utilises the principle that gas flowing past 
a wire mesh produces a change in pressure from which 
the flow can be measured. Prom these two 
respiratory recordings the efforts of the subject 
to breathe could be compared with the actual flow 
of gas induced.

The other parameters recorded were three 
channels of E.C.G.s (standard lead I, aVP and ), 
two to four channels of E.E.G.s (left and right 
frontal, left and right occipital) and eye
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movements. These latter measurements were made 
in the horizontal and vertical planes from 
electrodes placed as shown in Fig. 10. The 
results confirmed the subjects signal of black­
out since, when vision is lost, fixation 
disappears and the eyes commence to move in a 
random fashion. A sample record is shown in 
Fig. 11.

The subjects used in this stage of the 
investigation were geven naval divers who had 
no experience of acceleration. On the morning 
of the experiment they were given two indoctrin­
ation runs to 3*5 and £• In the afternoon 
they were instrumented, installed in the gondola 
and then carried out two runs, one on air and one 
on oxygen. The run on oxygen was carried out 
ten minutes after they started breathing the gas 
to allow time for equilibrium. They were allow­
ed a period of ten minutes between the runs or 
longer if they felt unfit. They were not told 
which gas mixtures were in use.

Of these subjects several volunteered to 
allow arterial cannulation to be performed.
In two subjects the radial artery was cannulated



and the arm supported so that the needle was 
at eye level. Only one record was obtained 
as one Subject had a vasovagal attack and 
became extremely nauseated due to arterial pain, 
necessitating removal of the cannula.

In the other subjects the brachial artery 
was cannulated at heart level and the blood 
pressure recorded. In these subjects the degree 
of peripheral resistance was measured by the 
!trun-off curve” method of Hayter and Sharpey- 
Schafter (1958).

R E S U L T S

The threshold results are shown 
diagrammatically in Figs. 12 and 13*

(a) From Fig. 12 it will be seen that 
breathing pure oxygen was associated with a fall 
in blackout threshold in four subjects, a slight 
rise in two and no change in subject number six. 
Subjects 1, 3, k and 7 breathed air for the first 
run, the other subjects started with oxygen.
Thus the order in which the gases were breathed



does not affect the results. Statistical 
analysis of the results for classical blackout 
showed the difference in threshold breathing 
air and oxygen was not significant (P = 0.2).

(b) The results using unconsciousness 
as the end point (Fig. 13) show the same pattern. 
Four subjects show a fall in threshold while 
breathing oxygen, two show a rise and in one there 
is no difference. The subject distribution of 
the results is not the same as in the blackout r 
runs. Statistical analysis of the figures shows 
that there is no significant difference (P = 0.1) 
between breathing air and breathing oxygen.

In the one subject with the radial artery 
cannulated, the blood pressure reached zero six 
seconds before unconsciousness occurred. In the 
subjects with the brachial artery cannulated, the 
blood pressure rose during the accelerative phase. 
This was because the artery lay slightly lower 
than the mean heart le1?el. There was no 
significant difference between the blood pressure 
response breathing air and breathing oxygen.



Representative graphs are shown in Fig. 14.

Fig. 15 shows the mean pulse rate for all 
subjects and all runs compared with the pulse 
rate regression line obtained for this type of 
run as described in Part I, Chapter V. There 
is a marked difference in pulse rate response.
In this series the subjects were inexperienced, 
apprehensive, and were straining continually as 
they knew they would be going to high g levels, 
whereas in all other runs carried out the subjects 
were experienced, relaxed and knew that the peak 
g would be less than 3*5 £• Thus the pulse rate 
response in this experiment is not entirely a 
reaction to g but a combination of anxiety and 
physical effort in addition. Comparison of the 
individual pulse rates shows that there is no 
significant difference breathing air or oxygeh.

The only gross cardiac arrhythmia which has 
occurred during g in this laboratory was noted 
during this experiment. This is shown in Fig. 16. 
Just before losing consciousness an isolated 
ventricular extrasystole was noted. This was 
rapidly followed by pulsus bigeminis which continued



for two minutes after the centrifuge had been 
stopped and consciousness regained. During 
this phase the normal beat was characterised 
by an absent P wave in all leads and inversion 
of the Tw in lead . Artefact obscured any 
changes which may have been present in the ST 
segment. The extrasystoles were ventricular 
in origin. Cessation of the pulsus bigeminis 
was followed by a bradycardia of 48/min. The 
Q.R.S. and T complexes had reverted to normal but 
P waves were still absent. This ventricular 
rhythm continued for fifteen minutes before 
reverting to sinus rhythm of 76/min. The subject 
complained of palpitations and retrosternal ache 
and said he "felt ill and funny all over" but was 
unable to localise any other specific symptoms.
He rested for 30 min. by which time he felt 
better. No further runs were attempted in this 
subject.

Analysis of the records for changes in 
peripheral resistance was carried out by Dr. P. 
Howard. Complete records were obtained in only



two subjects. The results that he obtained are 
shown graphically in Fig. 17. It will be seen 
that the onset of acceleration is accompanied 
by a sharp rise in peripheral resistance which 
continues to increase throughout the acceleration. 
Deceleration causes an immediate return to normal 
which is followed by a mild degree of vasodilation. 
There was no difference in response breathing air 
or breathing oxygen.

At high levels of g (above 6 g) the respira­
tory flow diminished in spite of a normal pressure 
differential being maintained across the mask. As 
the subjects approached the Smits of tolerance, 
there was a period of apnoea. The flow record 
showed that no gas was reaching the mask and the 
mask pressure differential showed only slight 
oscillations about the base line. On deceleration 
the apnoea was followed by large gasping respira­
tions characterised by high flows and large press­
ure differentials in the mask. Subjectively, 
there is difficulty in breathing above 5«0 g ,  which 
becomes worse with increasing g.  This is a



mechanical effect and the level at which 
breathing becomes impossible depends on the 
muscular development of the subject. In this 
series of experiments apnoea developed at an 
average of 5-10 sec. before unconsciousness 
occurred.

DISCUSSION

Statistically there is no significant 
difference in the unconscious threshold when 
the subjects breathe oxygen as compared to air.
The same finding applies when blackout is used 
as the end point. The level of significance is 
such (P = 0.1, 0.2) that a large series of 
subjects might have established the relationship 
of the effects of the tiro gases more clearly. 
Examination of the results (Figs. 12 and 13) shows 
an interesting point. In both series, the 
subjects whose tolerance was lower on oxygen 
showed a much larger fall in threshold than those 
subjects whose thresholds were lower on air. 
Although an overall statistical analysis swamps 
this difference in response, the possibility of 
individual susceptibility must be borne in mind.



The subjects who showed a large fall in 
threshold when, breathing oxygen may be more 
sensitive to the toxic effects of this gas 
than their fellows to whom the gas breathed 
made little difference to the threshold. This 
view is supported by Biiles (personal communica­
tion) who has found in tilt table experiments 
that a person who faints when breathing air 
always faints when breathing oxygen. A few 
individuals-, however, faint when breathing 
oxygen but not when breathing air. This also 
points to individual susceptibility as a factor.

The cause of oxygen poisoning is still 
obscure. Thus there is no valid hypothesis 
which can be advanced to account for this poss­
ible variation in sensitivity to the toxic effects 
of oxygen. It has been well established that 
breathing pure oxygen at atmospheric pressure 
causes an increase in cerebral vascular resistance 
with a diminished blood flow (vide supra) but none 
of the authors have described any difference in 
subjective response. This fall in O.B.F. might



be expected to cause a fall in threshold in all 
subjects. That this did not occur must be 
attributed to the increased oxygen content of 
the blood 2 vols. %) allowing a normal
tissue oxygenation. It has been shown by 
Lambertson (1953) that the high arterial pC^ 
results in a reduction of the buffering power 
of the blood so that the jugular venous pCC^ 
rises and there is a fall in the cerebral 
arterio-venous pH difference. This difference 
is enhanced by a fall in arterial pCO^. He 
suggests that these changes are protective and 
permit better gaseous interchange in the brain.
It may be that in some subjects these adaptive 
responses do not occur and the toxic effects of 
oxygen are quickly apparent.

In conclusion it may be said that the results 
of this experiment do not firmly establish pure 
oxygen at atmospheric pressure as a factor in 
lowering tolerance to acceleration. However, 
there is the possibility that some individuals 
may be more susceptible to the toxic effects of 
oxygen than others, although the mechanism of this



can not be deduced from our present knowledge 
of the influence of high pressure oxygen on 
the tissues.

The finding that there was no difference 
in the pulse rate and blood pressure breathing 
air or oxygen agrees with results of Lamberton 
(1953)* The response to g similarly showed no 
difference. Thus changes in threshold are not 
due to any general cardiovascular change. The 
cardiac arrhythmia which occurred in one subject 
was the only one which has been found during g  

in this laboratory. The tracing obtained 
resembled that occurring in a vasovagal syncope. 
It occurred when the blood pressure at head level 
was zero and could not be correlated with any 
blood pressure response. Vagal stimulation is 
extremely unlikely in an experiment of this sort 
as g is associated with increased sympathetic 
activity and an increased output of adrenaline by 
the adrenal medulla. Similarly the alternative 
explanation of myocardial ischaemia is difficult 
to accept as the changes in the E.C.G. consisted 
merely of an inverted T wave in lead V̂  which



could easily have been due to the sympathetic 
activity (Myerson and Davis, 1942) or to change 
in electrical axis. However, there is the 
possibility of an area of increased myocardial 
irritability acting as an ectopic focus, the 
irritability being due to a combination of 
anoxia and strong sympathetic stimulation.
Further evidence of the latter is provided by 
the vasoconstriction which was found during g.
This is shown in Fig. 17 expressed as peripheral 
resistance, as described by Hayter and Sharpey- 
Schafer (1958). These changes in peripheral 
resistance index were identical whether breathing 
air or oxygen. This is the first time peripheral 
vasoconstriction has been demonstrated during 
acceleration and has been described in detail 
elsewhere (Howard, 1958)*
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C H A P T E R  IV

The Effect of Hyperglycaemia on Tolerance 
to Acceleration

It has been noticed by most workers on 
acceleration that tolerance is higher following a 
meal. Blackout thresholds measured after lunch by 
Clark and Jorgensen (19U5) showed an increase of 
0-1 .1 The mechanism of this protection has not 
been established. Two possibilities exist. Firstly 
the increase in blood sugar may increase tolerance 
by elevating the supply to the brain. Secondly 
distension of the stomach may increase tolerance by 
increasing intra-abdominal pressure and so maintain­
ing a better venous return, or alternatively by 
splinting the diaphragm it may prevent descent of 
the heart. All these factors may play a part in 
the added protection afforded by a full stomach.
This phase of the investigation is an attempt to
examine the first of these hypotheses.

0
A further stimulus to this investigation was 

the fact that some cases of unconsciousness during 
positive acceleration appear to be related to factors 
other than cerebral anoxia. One of the suggested 
factors is an altered glucose content of the blood 
(Stewart, 19U5). If the low cerebral blood flows
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obtaining at unconscious levels do not allow an 
adequate supply of glucose for cerebral metabolism 
then unconsciousness might occur in the presence of 
a reasonable oxygen supply. If this hypothesis is 
true then raising the glucose content of the blood 
might be expected to raise the subjectfs tolerance. 
Method

Five experienced centrifuge subjects took 
part, all of whom were used to the technique of 
threshold determination described in part I chapter 
and whose thresholds for repeated runs showed very 
little scatter (max. S.D.a ♦ O.l^g).

Each subject had his threshold determined 
twice, the mean of which was used as the control 
value* He then had a sample of blood taken for the 
estimation of blood sugar. Immediately after the 
control runs he was given lOOg. of gluoose in 25O ml. 
of water. The blackout threshold was again measured 
at 20 min. and 25 min. after ingestion of the sugar 
solution. Further samples of blood were oollected 
at the beginning and end of the latter runs and the 
blood sugar estimated by the following method*-

l) 0.1 ml. blood was added to 3*5 distilled 
water and deproteinised by the addition of 0.2 ml.



5$ Zn30^*7^2^ were neutralised exactly to
phenol-phthalein* The mixture waa Shaken vigorously 
and filtered*
2} 2*0 ml* of the filtrate, blank and standard
(lOO mg* glucose in 100 ml. H20: diluted It20
before use) were taken and t5 each was added 2*0 ml* 
of copper reagent (Somogyi 1952)* These were heated 
in a boiling water bath for 10 mins* After cooling 
2*0 mis* Nelson’s reagent (Nelson 1944) was added 
to each* After ensuring that all the cuprous 
oxide had dissolved 4*° mis* of water was added to 
each and readings taken at 5OO-520 mjEL in a 
spectrophotometer.



The
 
re
su
lt
s 

are
 
sho

wn 
in 

Tab
le 

10
*

Bl
ac
ko
ut
 
th
re
sh
ol
ds
 
be
fo
re
 

and
 

aft
er 

the
 
in
ge
st
io
n 

of 
lO
Og
* 

gl
uc
os
e

•doo
2

®
09
•rt
u
©
jaE*

•00co•HPOSt>u©mjaio
p*+3
uo
§©s •
© PJC op xia00•H oCOPH ndCO 00© rl

t ,XI so bOCIS dW 00

H
0OQ
©

C ” 1 " "■"
•H
© CC
00 b0 
© pf
©CO

o«d c o
•H O

d

^  O  H  CO VO • • • • •
H  OO ON ^  ON 
’vT W ON r l  VO

C
ha

ng
e

in
T

hr
es

ho
ld

i

o  in  m i n  o  h
H  VO H  O  C\J CVJ • • •• - • ■ • • - •
o  o  o  o  o  o
4 4 4 I 4 4*

T
hr

es
ho

ld
 

af
te

r 
in

ge
st

io
n 

of 
gl

uc
os

e 
g

in in in in o  o  in 
^  co  h  m  c\j cvj -st •  -• ■ ♦  •. « •
c\j m  m  m  m  m o

•dlLt•y*

o*d H o «P  O rc h  d ca omen s
vo o  vo h  m  
H  ON ON CVJ ON O 
H  H  H

C
on

tr
ol

T
hr

es
ho

ld

g in o  o  o  o  o \in  
m  cvi o  ' t o  o \m  • ■ • « •«i m m m m cvjo

•d + I

po©
JQ
£

s»d
a
<8
P
09 O

•  • ♦ ' • • d oPQ d> <3 PQ B *H
• • ♦ • * <8 PM (5 O ru C6 
« • •  • • © «H

a  Pt b  a  0  g >
© «d 

*



18 7.

Prom the above results it will be seen that 
there is a slight degree of protection afforded 
by a raised blood sugar. This mean increase of
# 0.21g is not statistically significant (P=0 .2). 
Discussion

There is a large subject variation in the 
response to ingestion of sugar (Table 10). This 
does not bear any relation to the percentage rise 
of blood sugar or to the control blood sugar level.
The mean increase in blackout threshold found (0#21g ) 
is less than that found by Clark and Jorgenson 
(1945*) who noted a mean increase of 0 .3 to 0»4g 
after a heavy meal or ingestion of 2 litres of milk. 
This may be due to the fact that these authors did 
not attempt to differentiate between a pure hyper- 
glycaemio effect and one due to mechanical distension 
of the stomach. In a further paper Clark et al. 
(1945 )̂ induced hyperglycaemia by feeding subjects 
glucose (2g/fcg# body weight) and found an increase 
in threshold of 0 #20g which agrees closely with the 
figure found in this investigation. On the basis 
of this finding these authors suggest that there 
is a possibility that extracellular sugar may, by 
acting as a substrate in anaerobic glyoolysis,



alleviate somewhat the brief brain anaemia induced 
by the hydrostatic fall in the arterial blood 
pressure at eye level. It should also be noted 
that their results lie within the experimental 
error of their method. Prom their results and 
those results obtained in the present study, there 
does not appear to be sufficient evidence to 
warrant such a broad interpretation, especially 
since the results are not statistically significant.

In conclusion one is only justified in saying 
that hyperglycaemia may slightly increase tolerance 
to acceleration.

S U M M A R Y

The influence of a raised blood sugar on g 
tolerance has been studied. Hyperglycaemia was 
produced by the ingestion of 100 g. glucose in 
250 ml. water, which raised the blood sugar level 
by about 50 per cent.

v

There is a large subject variation in response 
(from -0.05 g to +O.65 g), the mean being an 
increase of 0 .2 g in blackout threshold, which is 
not statistically significant. It is therefore 
unlikely that the known g protection afforded by 
a meal is due to an increase in blood sugar level.



189 .

C H A P T E R  V

The Effect of Insulin Hypoglycaemia on 
Tolerance to Acceleration.

In certain cases a reduced glucose content of 
the blood may lead to unconsciousness during 
positive accelerations (Stewart, 1945), possibly 
by lowering the substrate supply to the brain.
During insulin hypogjycaemia, there is little change 
in the cerebral blood flow (no change: Kety, 
Woodford, Freyhan Appel and Schmidt, 1948; slight 
increase: Perris, Rosenbaum, Aring, Ryder and
Hawkins, 1941; slight decrease: Himwich, Bowman,
Daly and Pazekas, 1941), although there is a fall 
in cerebral oxygen utilisation and an even larger 
fall in the sugar utilisation (Kety et al, 1948). 
Thus at rest hypoglycaemia appears to be related to 
cerebral anoxia in spite of a minimal change in the 
cerebral blood flow. Since unconsciousness occurr­
ing during positive acceleration is usually finally 
due to cerebral anoxia, then on these grounds also 
hypoglycaemia might be expected to precipitate 
collapse.

It is common knowledge that a feeling of 
faintness is commonly associated with hunger.



T h is  low ering o f  the  “syncope threshold"  has been  

p la ced  on a firm er b a s i s  by M iles  ( 1957) who found 

th a t  nava l d iv e r s  were more prone to  c o l la p s e  when 

fa s t in g #  In an a n a ly s i s  o f  the  o p e r a tiv e  fa c t o r s  

in  19 c a se s  o f  un con sc iou sn ess  in  d iv e r s ,  M iles  (1957)  

found hypoglycaemia to  be presen t in  21$. This high  

in c id e n c e  i s  u n l ik e ly  to  be due to  chance a lo n e .

In  a v ia to r s  l o s s  o f  c o n sc io u sn ess  i s  more d i f f i c u l t  

to  study s in c e  i t  u s u a l ly  le a d s  to  a f a t a l  outcome. 

However, P ow ell and h is  co-workers ( 1956- 5 7 ) have 

s tu d ie d  su r v iv o r s  o f  unconscious e p iso d es  in  f l i g h t  

in  the  R.C.A.F. and analysed  the o p e r a t iv e  f a c t o r s  

( t h e s e  are summarised in  Table l l ) .  I t  w i l l  be seen  

th a t  hypoglycaemia i s  once more a f a i r l y  common occur­

rence (p resen t  in  55*5$)* In the R.A.F. th ere  i s  no 

o f f i c i a l  method fo r  rep o rtin g  such occu rren ces and the  

in c id e n c e  i s  th e r e fo r e  d i f f i c u l t  to  a s s e s s .  Some 

in d ic a t io n  may, however, be obta ined  from f a t a l  cra sh es  

A ty p ic a l  example o f  a f a t a l  in c id e n t  i s  d escr ib ed  

below .

Case History.
M.J.L. a nava l p i l o t  aged 25 w ith  a t o t a l  

o f  224 f ly in g  hours was f l y in g  s o lo  in  a f i g h t e r  

a i r c r a f t  on which he had 97 hours e x p e r ien ce .  Twenty
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m inutes a f t e r  take o f f ,  w h ile  f l y in g  number J in  a 

t a i l  chase at 10—12 ,0 0 0  f t * ,  he en tered  a loop*  

Halfway through t h i s  raanoeovre h is  a i r c r a f t  f e l l  

out o f  c o n tr o l  and d ived towards the ground. He 

made no attempt to  r e g a in  c o n tr o l  o f  the a i r c r a f t

nor d id  he make any rad io  c a l l .  Just  b e fo re  the

a i r c r a f t  h i t  the  ground the  canopy was j e t t i s o n e d *

The a i r c r a f t  d i s in t e g r a t e d  on s t r ik in g  the ground 

and the  p i l o t  was k i l l e d .  Examination o f  the wreckage 

r e v e a le d  th a t  no attempt had been made to  use the  

e j e c t o r  se a t*  From the d e s c r ip t io n  o f  the in c id e n t  

i t  would appear that the p i l o t  l o s t  c o n sc io u sn ess  

halfway round the lo o p .  From the fa c t  th a t  the  

canepy was J e t t i s o n e d  j u s t  b e fo re  s t r ik in g  the ground 

i t  can be assumed th at he rega ined  c o n sc io u sn ess  ju s t  

b e fo r e  the c ra sh . In the loop he probably was

p u l l in g  ■. 3 to  4g which i s  w e l l  below the  th r esh o ld

o f  un con sc iou sn ess  for  a f i t  man, and h is  th r e sh o ld  

must have been normal or he would have been removed 

from f ly in g  tra in in g *  The op era tin g  he ight o f  10 ,000  

-  12 ,000  f t  r u le s  out anoxia  a lthough  in  a t a i l  

chase i t  i s  q u ite  p o s s ib l e  th a t he was overb reath ing  

t o  some ex ten t*  The o n ly  o th er  fa c to r  which i s  known 

i s  th a t  he had missed b r e a k fa s t  and had been w ithout



food for  some 14 hours. Thus the o n ly  rea so n s  

c o n tr ib u t in g  to  t h i s  assumed l o s s  o f  c o n sc io u sn e s s  

appear to  be a moderate degree o f  g and a f a s t in g  

b lo od  sugar w ith  the  added p o s s i b i l i t y  o f  hyper­

v e n t i l a t i o n .  This type o f  case i s  by no means 

uncommon in  many a ir  fo r c e s  and although the  

c a u sa t io n  can not be e s t a b l i s h e d  w ith  c e r ta in t y  

hypoglycaem ia occurs too  freq u en tly  to  be n e g le c t e d .

The in v e s t ig a t io n  o f  any synergism  which  

might e x i s t  between hypoglycaemia and p o s i t i v e  

a c c e le r a t io n  forms the b a s i s  o f  t h i s  Ghapter.

Methods, .and M ateria l

S ix  exp er ien ced  c e n tr i fu g e  s u b je c t s  were 

used for  t h i s  i n v e s t i g a t i o n ,  a l l  o f  whom had 

c o n s id er a b le  exper ien ce  in  the method o f  th r esh o ld  

d eterm in ation  (Part I Chapter IX) which was c a r r ie d  

out in  the  dark.

Two c e n tr i fu g e  runs were c a r r ie d  out to  

e s t a b l i s h  a base  l i n e  th r e sh o ld  in  each su b je c t  and 

a sample o f  c a p i l la r y  b loo d  was c o l l e c t e d  fo r  the  

e s t im a t io n  o f  b lood  su gar . At t h i s  s ta g e  2 .0  ml. 

o f  s o lu b le  i n s u l in  in  normal s a l i n e  was g iv en  

in tr a v e n o u s ly  in  a dose o f  0 .1 5  u n i t s /k g .  body w e ig h t .
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Twenty m inutes l a t e r  the  su b je c t  recommenced dark 

a d ap ta tion  and two runs were made between 25 and 35 

m inutes fo l lo w in g  a d m in is tr a t io n  o f  the  i n s u l i n .  

Samples o f  c ^ i l l a r y  b lood  were c o l l e c t e d  at the  

b eg in n in g  and end o f  th e se  two runs and t h e i r  sugar  

c o n t e n ^ s t im a te d .  S u b jec t iv e  s e n s a t io n s  were n o te d ,  

e s p e c i a l l y  any v i s u a l  s ig n s  which occurred . Following  

t h e ^ h i r d  b lo o d  sample 100 grammes o f  g lu c o se  in  

500ml. o f  orange j u ic e  was g iv en  o r a l l y .  F i f t e e n  

m inutes a f t e r  t h i s  two fu r th er  runs were made and a 

f i n a l  sample o f  b lood  c o l l e c t e d .  The g lu c o se  con­

te n t  o f  the  b lood  samples was e s t im a ted  by the method 

d escr ib ed  in  Chapter I I I .

I t  was a n t ic ip a te d  th a t  s e c r e t io n  o f  

a d r e n a lin  due to  a f a l l  in  b lood  sugar might produce 

a r t e f a c t s .  An attempt was made to  e s t im a te  any 

in crea sed  production  o f  t h i s  substance during the  

experim en ta l p er io d . I t  has been su ggested  th a t  the  

o x id a t io n  product o f  t h i s  hormone i s  ex cre ted  in  the  

u rin e  as 3 -  raethoxy-4-kydroxy-mandelic ac id  (Shaw 

e t  a l . 1956 , Armstrong Sc McMillan 1 9 5 7 ) .  Urine was 

c o l l e c t e d  for  1-J hours b e fo re  the  experiment as a 

c o n t r o l ,  and h a l f  an hour a f t e r  com pletion  o f  the  

runs the experim en ta l sample was c o l l e c t e d  which



rep resen ted  an e q u iv a len t  per iod  o f  t im e . The 

u r in e s  were e x tr a c te d  w ith  e th y l  a c e ta te  a t  pH 3 

and hydrolysed  by b o i l in g  fo r  30 min. w ith  enough 

conc. HOI to  g iv e  a 15 per cen t s o lu t io n .  The 

h yd ro ly sa te  was then examined by two d im ensional  

chromatography u s in g  the method o f  Armstrong e t  

a l , ( l 9 5 6 ) .

P u lse  r a t e s  were obtained from a lead  I 
e le c tr o ca r d io g ra m , the w r is t  e le c tr o d e s  being  

rep laced  by d i s c  e le c t r o d e s  over the acromion 

p r o c e sse s  t o  o b v ia te  muscle a r t e f a c t  (Browne and 

F itz s im o n s ,  1959)*

RESULTS

The e f f e c t  o f  i n s u l in  a d m in is tra t io n  on the  

th resh o ld  and on the blood sugar i s  shown g ra p h ic ­

a l l y  in  F ig .  1 8 . The i n j e c t i o n  o f  i n s u l in  causes  

a f a l l  in  blood sugar (Table 12) which reached 50 

per cent o f  the c o n tr o l  th resh o ld  a f t e r  30 min. I 

50 min. a f t e r  the i n j e c t i o n  and 15 min. a f t e r  the  

in g e s t io n  o f  100 g .  g lu c o s e ,  the blood sugar had 

returned to  c o n tr o l  l e v e l s .  From F ig .  18 i t  w i l l  

be seen  th a t  i n s u l in  causes  a f a l l  in  th resh o ld  

30 -  35 min. a f t e r  i n j e c t i o n .
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T A B L E  13

The Changes in  Blackout Threshold occu rr in g  fo l lo w in g  
A d m in istra tio n  o f  I n s u l in  in tr a v en o u s ly  

(0 ,1 5  u n its /K g . body w eight)

Subject
Member

C ontrol
Threshold

g

Threshold  
50 min. a f t e r  
I n s u l in
I

Threshold  
50 min. a f t e r  
I n s u l in
S

G-.H.B. 3.1 2 .9 3 .6
N.L.A. 2 .9 2.1 3 .7
J.C .G . 3 .0 2 .6 3 .5
C.McE, 2*7 2 .3 2 .9
M.K.B. 2 .5 2.1 3 .3
P.G. 2 .9 1 .7 3 .3

Means and
Standard
D ev ia tio n

2 .8 5  + 
0.21

2 .2 8  + 0 . 1+2 3 .3 8  + 0 .3 5

A n a ly s is  o f  var ian ce  shows both the f a l l  and 

the r i s e  in  th resh o ld  to  be s i g n i f i c a n t l y  d i f f e r e n t  

from the c o n tr o l  va lue  (P = 0 ,0 0 1 ) .



Since the administration of 100g. of glucose 
has an insignificant effect on the g tolerance 
(Browne, 1958), it seemed unlikely that the rise 
in threshold was entirely due to the sugar, unless 
the hypoglycaemia due to insulin potentiates the 
effect of the oral glucose. This latter hypothesis 
is unlikely, since the final blood sugar was 
slightly lower than the control value. It seemed 
more likely that this secondary rise was due to a 
late effect of the insulin. To test this 
possibility one subject carried out a further 
series of runs omitting the ingestion of sugar.
The results of these runs are shown in Fig. 2, 
which shows the threshold 30 min. after insulin 
fell by 0.1+ g, while at 50 min. it rose 0 .8 g 
above the control level.

Intravenous injection of insulin produces a 
series of symptoms known as the reaction. The 
symptoms which occur are as follows in decreasing 
order of frequency:j’ sweating, warmth, flushing,

drowsiness, finger tremor, light-headedness, 
palpitations, weakness and hunger (French and 
Kilpatrick, 1955). The incidence of these symptoms 
in the present series of subjects is shown in Table 11+.
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A symptom which i s  not g e n e r a lly  

rep orted  but which was p a r t ic u la r ly  n o t ic e a b le  

in  t h i s  s e r i e s  was th e  lo q u a c io u sn e ss  o f  th e  s u b je c t s .  

C on sid erab le  d i f f i c u l t y  was exp erien ced  in  persuading  

norm ally  ta c itu r n  s u b je c ts  to  remain s i l e n t  long  

enough to  carry  out th e  runs.

Some degree o f  r e a c tio n  occurred in  a l l  

s u b j e c t s ,  th e  tim e o f  o n set varying from 25-40 min., 

a f t e r  in j e c t io n  o f  in s u l in .  The d u ration  o f  the  

r e a c t io n  i s  d i f f i c u l t  to  a s s e s s  as the symptoms 

g r a d u a lly  d isa p p ea r . However, in  two o f  the  

s u b je c ts  th e r e  was some degree o f  upset s t i l l  

p resen t a f t e r  the com pletion  o f  the experim ent;

N .L.A . a competant e le c tr o n ic  e n g in e e r , 

retu rn ed  to  h is  workshop and so ld ered  to g e th er  

two l i v e  main le a d s .  This in c id e n t occurred  

60-80  m inutes a f t e r  in j e c t io n  o f  in s u l in .

M.K.B. s t i l l  had some f in g e r  tremor 

and d ysp h asia  ten  m inutes a f t e r  com pletion  o f  th e  

exp erim en t.

P u lse  r a te s  were ob ta in ed  throughout 

th e  e n t ir e  experim ent in  on ly  two s u b je c t s .  These 

r e s u l t s  are shown in  f i g .  20 . I t  w i l l  be seen  th a t  

a ta ch y ca rd ia  d eve lop s between 3° 35 ®in. a f t e r
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the injection of* insulin which returns to normal 
after \±5 min#

Analysis of the urines for homovanillie acid 
and 3-methoxy-U-hydroxymandelic acid showed no 
significant difference between control and experi­
mental samples on visual examination of the 
c hr oma t ogr ams •

DISCUSSION

The use of a small dose of insulin to produce 
hypoglycaemia in this experiment is not entirely 
an artificial procedure. The occurrence of 
hypoglycaemia in everyday life is probably not as 
uncommon as was once thought. It may occur as a 
slightly lowered value in the fasting state but can 
also come about due to a variety of causes which 
are loosely labelled as ’’endogenous hypoglycaemia. ” 
This condition has been ably reviewed by Garland 
(1958), who divides the aetiological factors into 
organic, post-gastrectomy and psychosomatic. The 
middle variety is of no concern in the present 
context. Organic hypoglycaemia covers a wide 
variety of conditions varying from a frank islet 
cell tuifaour of the pancreas to a diffuse hypertrophy 
of the whole pancreas.
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Often, however, there is no clear-cut 
pathology and we have the condition of functional 
hyperinsulinism. In many otherwise normal people 
the taking of a high carbohydrate meal produces 
symptoms of hypoglycaemia several hours later.
This may again be due to hyperinsulinism giving 
rise to a rebound hypoglycaemia, and shows a fallacy 
of the usual three-hour glucose tolerance curve 
which may be within normal limits in these cases, 
although, as has been pointed out by Garland (1958), 
there is often no close relation between the blood 
sugar and the occurrence of symptoms. Indeed 
classical symptoms of hypoglycaemia may occur with 
tremor, sweating, confusion and a tendency to faint, 
when the venous blood sugar is over 100 milligrams 
per cent, and the attack be relieved by the 
administration of glucose (Franks, 1956). It is 
known that the rate of absorption of sugar is a 
factor influencing insulin production, as is the 
quantity of carbohydrate in the diet. Thus in a 
pure carbohydrate meal both factors are present 
and there is an increased risk of hyperinsulinism. 
Similarly it seems possible that an effect of 
positive acceleration would be to increase the rate of 
emptying of the stomach and so promote rapid absorption



203

o f  sugar, and an increased output o f in su lin .

The other variety  o f hypoglycaemia which 

may occur i s  the psychosomatic type. Due to mental 

upset or to  a frank psychoneurosis there i s  an 

in s t a b i l i t y  o f the homeostasis o f blood sugar and 

bouts o f hypoglycaemia may occur. This i s  

p a rticu la r ly  l ik e ly  to occur in  the s tr e ss  and stra in  

o f modern high speed f l ig h t  and must be considered as 

a causative factor in  the production of in flig h t  

hypoglycae mia•

The tragedy o f these endogenous hypog­

lycae mi as i s  that they occur in normal people who 

are quite capable o f passing medical boards with 

the highest medical category. It i s  reasonable 

to  suppose that a large number o f p i lo t s  w il l  belong 

to  one or other group and who have so far escaped 

in cid en ts by the lack o f su ita b le  circum stances. The 

only t e s t  which may give any evidence o f th is  upset 

i s  the s ix  hour glucose tolerance t e s t ,  which i s  not 

a routine in v estig a tio n  unless the condition  i s  

suspected , and in  p i lo t s  th is  may w ell be too la t e .  

However, apart from d iagnosis the treatment i s  

remarkably e f fe c t iv e  and co n s is ts  o f regular  

w ell balanced meals which have a reasonable proportion



2 0 k  •

o f  fa t  and p r o te in  to  carb oh yd rate. I f  d ie t  

i s  adequate th en  few o f  th e se  hypoglycaem ic a t ta c k s  

w i l l  o ccu r . I t  seems c le a r  th a t i f  a ircrew  are  

s u ita b ly  in d o c tr in a te d  w ith  regard to  t h e ir  e a tin g  

h a b it s ,  major in c id e n ts  due to  hypoglycaem ia w i l l  

be avo id ed .

However, th e re  i s  s t i l l  th e  p o s s i b i l i t y  

th a t sm all a l t e r a t io n s  in  b lood sugar w h ile  

producing no symptoms on th e ir  own may in f lu e n c e  

to le r a n c e  to  o th er  s t r e s s e s .  I t  has been shown th a t  

m ild hypoglycaem ia in c r e a se s  neuromuscular tremor 

and low ers work output (T u t t le ,  W ilson & Daume 1949) 

so  i t  might be a n t ic ip a te d  th a t to le r a n c e  to  

in c r e a se d  g r a v ita t io n a l  fo rce  would be d im in ish ed .

Such sm all changes in  b lood sugar could  w e ll  occur  

due to  p sy ch o lo g ic  u p se t . A lthough th e  hypoglycaem ia  

in  a l l  th e se  endogenous v a r ie t ie s  might be due to  

a n t i - in s u l in a s e s ,  p i tu ita r y  hormones or glucagon  

th e y  are more l i k e l y  to  be due to  h y p er in su lin ism .

The g en era l e f fe c ts  o f  in s u l in  hypoglycaem ia  

are w e ll  known and have fre q u en tly  been d escr ib ed  

B r ie f ly  in  the i n i t i a l  s ta g e s  th e re  are no s ig n s  

o f  symptoms although b lood  sam ples show th a t the  

b lo o d  sugar i s  f a l l i n g .  Then a t a v a r ia b le  tim e



(usually 30-40 min.) after the injection there is a 
dramatic onset of signs and symptoms which is called 
the reaction. The presenting symptoms vary hut 
commonly include feeling of heat or cold, palpitations, 
hunger and drowsiness. Objectively there is 
tachycardia, increased irritability, often shown 
as muscle tremors, and increased pulse pressure#
Sweating invariably occurs at some point and is often 
profuse. Following the onset of the reaction the blood 
sugar commences its return towards normal levels.

Thus, the effect of insulin hypoglycaemia 
on g threshold occur in two distinct phases; the 
initial stage when the blood sugar is falling and 
reaction has not occurred, and secondly during the 
reaction stage when the blood sugar, pulse pressure 
and pulse rate are rising. Since only six centrifuge 
runs can be carried out with a subject in any one day 
this experiment was planned on a fixed time basis,
i.e., two control values were established,then two 
runs were carried out at about JO rain.and a further 
two runs about 40 after injection of the insulin.
The times were arranged on the assumption that the 
minimal blood sugar level would occur at about JO 

min. while the reaction would have occurred at 5° min*



In fact the reaction had already started in one 
subject (G.H.B) before the JO min.runs were 
commenced while another subject (M.K.B.) noticed 
symptoms during the run at 35 min. after insulin.
Thus a slight error may have been introduced in 
these results. In the initial stage of insulin 
hypoglycaemia (i.e. before the onset of the reaction) 
there is a fall in the g threshold of about 0.6 g. 
During this phase there is a fall in the mean blood 
sugar to about 50% of its control value. Three 
possible mechanisms for this fall in threshold 
suggest themselves. There may be a diminished 
cerebral blood flow due either to a fall in 
arterial blood pressure at head level or to an 
increased cerebrovascular resistance; or as has 
been mentioned before the supply of glucose may become 
insufficient to allow normal cerebral metabolism.
There may also be a degree of cerebral anoxia due 
to an upset cerebral metabolism.

The cerebral blood flow changes but 
little during hypoglycaemia. In 194^ Himwich 
et al. found a slight decrease (7$) in cerebral 
blood flow during insulin coma while Ferris et al.



found no change or a flight increase. More recently 
Kety et al. (1948) using the nitrous oxide technique 
could find no significant change in cerebral 
blood flow during insulin hypoglycaemia* The 
blood sugar does not effect blood vessels directly 
and any change in cerebral blood flow would be expected 
to be passive following changes in arterial blood 
pressure at head level. There is much evidence 
to suggest that there is no change in blood pressure 
during the early stages of hypoglycaemia before 
the reaction occurs (French and Kilpatrick 1955, 
Allwood 1957)* Thus a change in cerebral blood 
flow does not seem a likely cause of the fall in 
threshold*

During insulin hypoglycaemia there is 
a fall in cerebral arterio-venous oxygen difference* 
Since there is no increase in cerebral blood flow 
(vide supra) and since the blood sugar does not effect 
the oxygen carrying capacity of the blood it would 
appear that the oxygen uptake of the brain diminishes 
in hypoglycaemia with an associated fall in cerebral 
metabolism. Thus cerebral hypoxia might ba a 
possible explanation of the fall in threshold*

Associated with the diminished oxygen



uptake of the "brain is an even greater fall in 
the glucose uptake. This agrees with the concept of 
a diminished cerebral metabolism. Thus during 
hypoglycaemia there is a steadily decreasing oxygen 
and glucose utilisation. The retina shares the 
changes in the brain and also presumably has a normal 
blood flow but a lowered metabolism. Visual 
changes have been described during hypoglycaemia 
but those due to alteration in the refraction of the 
eye (Duke-Elder 1925) and to structural changes 
(Vere and Verel 1955) are long term effects and have 
no bearing upon the present results. One subject 
(G.H.B) had some visual hallucinations (purple 
lights and flashes of red and orange) at the onset 
of the reaction which may have caused artefact in 
his JO min. threshold.

In the present method of threshold 
determination the loss of central vision in the 
dark adapted eye is almost certainly due to the 
retinal anoxia which occurs with the reduction in 
bltbod flow. During hypoglycaemia there is probably 
no change in retinal blood flow at rest. Since 
however, there is a fall in metabolism, central 
vision will be lost with a smaller decrement of flow



than in the normal. Whether the prime factor in 
this fall is the low sugar level or the hypoxia it 
induces cannot he determined from the present 
experiment.

The second set of experimental values 
was obtained during the period of reaction. The 
symptoms which occurred and their frequency is 
shown in Table Ik* The frequency of the symptoms 
is different to that found by French and Kilpatrick 
(1955)• It is interesting that two-thirds of the 
subjects complained mainly of cold and hunger. It 
is felt that the cold was probably due to the low 
ambient temperature of the gondola, associated 
with the subjects sweating. A symptom which is not 
generally described is the increased talkativeness 
of the subjects. This finding overshadowed all the 
other signs and symptoms and was commented upon by 
various non-medical personnal in the vicinity, in one 
instance it was reminiscent of the speeches made by 
manic-depressives in hypomania. The second set of 
experimental observations were made about 50 min. 
after the injection of insulin and IO-25 min. after 
the onset of the reaction. They showed a mean increase
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o f  l . l g  over p r e -r e a c t io n  th r e sh o ld s  and 0 .5 g  

over c o n tr o l v a lu e s . A co m p lica tio n  was in trodu ced  

by g iv in g  th e  su b je c t lOOg. o f  g lu c o se  im m ediately  

a f t e r  the p r e -r e a c t io n  th r e sh o ld s  were measured*

T his a d m in is tra tio n  o f  sugar would tend to  r e s to r e  

th e  th r esh o ld  to  c o n tr o l l e v e l s  but would be u n lik e ly  

to  r a is e  i t  above th e  c o n tr o l v a lu e .

There i s  ev id en ce  th a t induced hypoglycaem ia  

c a u ses  a r e le a s e  o f  ad ren a lin e  from th e adrenal 

m edulla in  anim als and in  man (Burn, Hutcheon, and 

P ark er, 199 )̂> Cannon, M clver and B l i s s , 1924, French 

and K ilp a tr ic k , 1955 > Holzbauer and Vogt 1954)*

Uding b io lo g ic a l  a s sa y , von Euler and Luft ( 1952) 

have dem onstrated a te n fo ld  in c r e a se  in  the  

e x c r e t io n  o f  ad ren alin e  a f te r  in s u l in  but no change 

in  the e x c r e t io n  o f  n o ra d ren a lin e . Since the  

adrenal m edulla produces a v a r ia b le  q u a n tity  o f  

n orad ren a lin e  on s t im u la tio n  von Euler and L u ft* s  

r e s u l t s  su g g est th ere  i s  a lso  an in h ib it io n  o f  the  

ad ren erg ie  part o f  th e  sym pathetic  nervous system .

By the tech n iq u es used here no change was found in  

th e  output o f  horaovanilic ac id  or 3 - ffietk°xy“4“ kydroxy- 

m andelic a c id . This may have been due to  the sh o rt  

c o l l e c t io n  p re iod  (l-J h rs) or to  fa u lty  techn iqu e



but can certainly be disregarded as the weight of 
evidence is in favour of adrenaline production*

T h is release of adrenaline is a home­
o s t a t i c  ■eCSuualsn. It h a lt s  the fall i n  blood 
su gar and by cau sin g  glycogenolysie starts the blood 
sugar rising again  towards normal levels. A drenaline  

causes no constant effect on cerebral vascular 
resistance, but C.3.F. Increases passively with the 
blood pressure There is a rise in the systolic 
bloc-5 pressure with a fall in diastolic pressure 
which gives an increased pulse pressure with little 
change in the mean blood pressure. There is also 
a t achy car d i  S' which corresponds in its time relations 
to the change in blood pressure although French and 
Kilpatrick (1955) -a T-°t attribute it to 
adrenaline since it occurred in their syspathectoraised 
patients in whom there was no increased production 
of adrenaline in resense to hypoglycaemia. The 
circulatory effects of adrenaline production can explsi 
the rise in threshold daring the reaction period*

Since the level at which the central red 
light is lost depends on the retinal blood flow 
{which largely follows -arterial blood pressure at oead 
level), It is off Interest to examine the bloost 
pressure changes during the reaction phase* In the



course of this experiment attempts were made to 
cannulate the radial artery for blood pressure 
measurements* Unfortunately the system always 
blocked before the reaction phase was reached and 
blood pressures were obtained in only one subject 
(M.K.B). In this subject the control blood pressure 
was 115 mra.Hg. systolic and 83 mm.Hg. diastolic.
The value reached during the reaction (45 minj was 
130 mm.Hg. systolic and 74 mm.Hg. diastolic* These 
results agree well with those of French and Kilpatrick 
(1955) wk° 3-n 12 normal subjects found the mean change 
in blood pressure (* S.B.)  during reaction to be 
+16*3 .8 mm.Hg. systolic and - 14*1*4 mm. Hg. diastolic. 
Witlfc the type of acceleration time pattern used in 
these experiments the blood pressure response to g is 
almost linear (Part I Chapter IX) and these blood 
pressure changes can be related to acceleration. Thus 
an increase of 16 mm.Hg.in systolic blood pressure 
represents an increase of threshold o^6*6g.
This calculated figure agrees well with the results 
of the experimental series. Thus the rise above 
control threshold during the reaction phase of 
insulin hypoglycaemia is probably due to adrenaline 
production. The return to control values is due to



an in c r e a se  in  the b lood  sugar which was 

a c c e le r a te d  in  th e se  experim en ts by the a d m in is tra tio n  

o f  100 g, o f  g lu co se*

T h is would correspond to  th e  im m ediate 

e f f e c t  o f  g lu c o se  in  r e s to r in g  to  n orm ality  a 

p a t ie n t  s u f fe r in g  from th e  nervou s and c ir c u la to r y  

m a n ife s ta t io n s  o f  endogenous hypoglyeaem ia.



C onclusions*

From th e  ev id en ce  i t  i s  c le a r  th a t  hypoglyc— 

aemia induced by in s u l in  low ers th e  in d iv id u a ls  

to le r a n c e  to  a c c e le r a tio n *  In  t h i s  experim ent th e  

th r e sh o ld  in  th e  pre—r e a c tio n  phase o f  in s u l in  

hypoglycaem ia f e l l  to  80fi o f  i t s  normal value* I f  

t h i s  f ig u r e  i s  tr a n s la te d  to  th e  g l im i t s  found in  

a i r c r a f t ,  then  th e  p i l o t  who would lo s e  c o n sc io u s­

n e ss  norm ally between 6g  and J g  may w e ll  succumb 

between 4 *5s  and 5*5s  i f  H© k&s a low  blood  

su g a r . Hypoglycaemia may a r is e  in  f l i g h t  due to  

f a s t in g ,  or  to  h y p er in su lin ism . The l a t t e r  may be 

r e a c t iv e  fo llo w in g  a l ig h t  meal composed la r g e ly  

o f  carbohydrate or may be induced by p sy c h o lo g ic a l  

s t im u la t io n . I t  i s  th e r e fo r e  im portant th a t  p i l o t s  

should  not m iss any m eals and should  avoid  ‘making 

d or w ith  snacks o f  c o f f e e  and buns. S im ila r ly  any 

a ircrew  member who com plains o f  w eakness, d iz z in e s s  

or sw eatin g  w h ile  f ly in g  in  th e  l a t e  morning or  

aftern oon  sh ou ld  be s tren u o u sly  in v e s t ig a te d  fo r  

endogenous hypoglycaem ia.

During th e  r e a c tio n  phase o f  in s u l in  hypo­

g lycaem ia th e r e  i s  a r i s e  in  th r e sh o ld . This i s  

due to  th e  endogenous l ib e r a t io n  o f  ad ren a lin e



which probably produces t h i s  r i s e  in  to le r a n c e  by 

m o b il is in g  th e  g lycogen  r e se r v e s  and more im portant 

by i t s  e f f e c t  on th e  c a r d io -v a se u la r  system .

Summary.

1* The in f lu e n c e  o f  in s u l in  hypoglycaem ia on 

to le r a n c e  to  a c c e le r a t io n  has been stu d ied  

in  s i x  s u b je c t s .  The end p o in t was c e n tr a l  

l i g h t  l o s s  w ith  th e  dark adapted e y e .

2 . Hypoglycaemia in  th e  p r e -r e a c t io n  phase i s  

a s s o c ia te d  w ith  a mean f a l l  in  th r e sh o ld  o f

°* % *

3* Baring th e  r e a c tio n  th e  th r e sh o ld  r i s e s  above 

th e  c o n tr o l v a lu e . The mean r i s e  i s  O .jg  above 

the c o n tr o l and l . l g  above th e  p r e re a c tio n  

th r e sh o ld .

4 .  The p o s s ib le  mechanism o f  th e se  changes i s  

d isc u sse d  in  r e la t io n  to  sp ontan eou sly  

occu rr in g  hypoglycaem ia.



CHAPTER VI

The effect of the degree of filling of the stomach 
,00 tolerance to acceleration
It has been noticed by most workers in acceler­

ation that tolerance is higher following a meal. 
Blackout thresholds measured after lunch b.y Clark and 
Jorgenson (1945^ showed an increase in threshold of 
0-1 .1 g. Two possibilities exist. The first, that 
the increase may be due to raised blood sugar, is 
untenable (Chapter IV) since there is only a slight 
tendency to increase in threshold with hyperglyc- 
aemia, the change not being statistically significant. 
The second possibility is that the rise is due to 
the mechanical effects of distension of the stomach. 
This may increase tolerance by increasing intra­
abdominal pressure, so facilitating venous return, 
or alternatively by 1 splinting1 the diaphragm it 
may prevent descent of the heart. This chapter 
presents the results of an investigation to test 
these hypotheses.

A further stimulus to this investigation was 
the fact that in many fatal aircraft accidents one
of the findings is that the pilot has missed a meal.
In the Indian Air Force many fatal accidents occur 
in the morning and a missed breakfast is a relatively



common f i n d i n g  ( A j i t  N ath -  p e r s o n a l  c o m m u n ic a t io n ) .  

S i m i l a r l y  Lawton (1 9 5 7 )  fo u n d  t h a t  im provem ent o f  

t h e  e a t i n g  h a b i t s  o f  t h e  s t u d e n t s  in  t h e  F l y i n g  

T r a in in g  A ir  F o r e e  ( U .S .A . )  c o i n c i d e d  w i t h  an im­

provem ent in  th e  a c c i d e n t  r a t e .  W h i l s t  a l l  t h e s e  

c a s e s  m ig h t  w e l l  be due to  h y p o g ly c a e m ia  or  to  

h y p e r i n s u l i n i s m ,  a s  d e s c r i b e d  in  c h a p t e r  IV , th e  

a d d i t i o n a l  m e c h a n ic a l  f a c t o r  o f  an empty stom ach  

m ust a l s o  be c o n s id e r e d .

M ethods and M a t e r ia l s

The e x p e r im e n ts  w ere  c a r r i e d  o u t  in  th e  c e n t ­

r i f u g e  a t  t h i s  l a b o r a t o r y .  T o le r a n c e  to  a c c e l e r a t i o n  

was m easured  by th e  t h r e s h o l d  a t  w hich  c e n t r a l  l i g h t  

l o s s  o c c u r r e d  w i t h  th e  dark ad a p ted  e y e  (P a r t  I  Chapte 

I X ) .

S i x . e x p e r i e n c e d  c e n t r i f u g e  s u b j e c t s  w ere u s e d ,  

a l l  o f  whom w ere u s e d  t o  th e  t e c h n iq u e  o f  t h r e s h o l d  

m easurem ent and w hose t h r e s h o l d s  f o r  r e p e a t e d  ru n s  

showed v e r y  l i t t l e  s c a t t e r  (max S .D .  =t O . 1 5  g ) .

Each s u b j e c t  was t e s t e d  betw een  11 a .m . and  

12 . 30p.m . h a v in g  had a l i g h t  b r e a k f a s t  o f  t o a s t  and  

t e a  a t  8 a .m . S u b j e c t s  w ere  assum ed t o  have empty 

s to m a ch s  a t  t h e  s t a r t  o f  th e  e x p e r im e n t .  Each had  

h i s  t h r e s h o l d  d e te r m in e d  t w i c e ,  t h e  mean o f  t h e  two



r e a d in g s  b e in g  u s e d  a s  t h e  c o n t r o l  v a l u e .  He was 

th e n  g iv e n  a c o n t a i n e r  h o l d i n g  2 .0  l .  o f  ta p  w a te r  

a t  a te m p e r a tu r e  o f  20°C . and t o l d  to  d r in k  a s  much 

a s  he p o s s i b l y  c o u ld  i n  5 m in u t e s .  When he had 

f i n i s h e d  he c a r r i e d  o u t  two f u r t h e r  t h r e s h o l d  r u n s ,  

t h e  mBan o f  w h ich  was u s e d  a s  th e  e x p e r im e n ta l  v a l u e .  

The u s e  o f  t a p  w a te r  to  p ro d u ce  g a s t r i c  d i s t e n t i o n  

was i n f l u e n c e d  by s e v e r a l  f a c t o r s .  The r a t e  o f  g a s t r i c  

em p ty in g  d ep en d s on th e  volum e o f  th e  m e a l ,  th e  d e g r ee  

o f  d i s t e n t i o n  o f  th e  stom ach p r e c e e d in g  th e  m ea l ,  th e  

r a t i o  o f  t h e  volum e in  th e  stom ach to  t h a t  w h ich  has  

f lo w e d  i n t o  t h e  i n t e s t i n e ,  and th e  c o m p o s i t io n  o f  

t h e  m e a l ,  (Hunt and McDonald 1954^* volum e in

t h i s  e x p e r im en t  was v a r i a b l e  and in  a l l  c a s e s  t h e  

stomach, was empty p r e c e e d in g  th e  m eal so  t h a t  th e  

main v a r i a b l e  was th e  c o m p o s i t io n  o f  t h e  m e a l .  Many 

s u b s t a n c e s  d e la y  g a s t r i c  em p ty in g , f o r  Exam ple, marked  

s lo w in g  o c c u r s  w i t h  s o r b i t o l ,  s u c r o s e  and f a t .  How­

e v e r ,  s i n c e  o n ly  th e  m e c h a n ic a l  e f f e c t s  w ere t o  be 

d e te r m in e d ,  s u b s t a n c e s  w hich  a l t e r  b lo o d  su g a r  l e v e l  

w ere  u n a c c e p t a b l e .  S i m i l a r l y ,  h ig h  c o n c e n t r a t i o n s  

o f  sodium  c h l o r i d e  or  p o t a s s iu m  c h l o r i d e  s lo w  stom ach  

praptying (Hunt 1 9 5 6 )  are  u n p a la t a b le  in  l § r g e  

q u a n t i t i e s .  T h e r e fo r e  p l a i n  w a ter  seem ed to  be th e  

m ost a c c e p t a b le  form o f  p r o d u c in g  d i s t e n t i o n ^ . (No
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s u b j e c t  was w i l l i n g  to  s w a l lo w  a b a l l o o n . )  From 

t h e  l i t e r a t u r e  i t  w ou ld  seem t h a t  in  t h e  f i r s t  15 

m in . 25^ - 3^  'the amount i n g e s t e d  l e a v e s  th e  

stom ach  (Sm irk 1933 a&b, Hunt and S p u r r e l l  1951) ,  

and i n  t h i s  e x p e r im e n t  t h e  f i r s t  t h r e s h o l d  d e t e r ­

m in a t io n  was c a r r i e d  o u t  w i t h i n  30 s e c .  o f  th e  

c o m p le t io n  o f  d r in k in g  and t h e  s e c o n d  run w i t h in  4 

m in . The d e g r e e  o f  stom ach em pty ing  i n  t h i s  t im e  

c o u ld  be n e g l e c t e d .  F i v e  o f  th e  s u b j e c t s  c a r r i e d  

o u t  t h e  e x p e r im e n t  a s e c o n d  t im e  a f t e r  a p e r io d  o f  

one  week t o  ch eck  th e  v a l i d i t y  o f  t h e  r e s u l t s  ( t h e  

s i x t h  s u b j e c t  was u n a v a i l a b l e  f o r  t h i s  sec o n d  s e r i e s  

o f  r u n s ) .

Only t h r e e  s u b j e c t s  w ere a v a i l a b l e  f o r  th e  

r e c o r d in g  o f  in t r a - a b d o m in a l  p r e s s u r e s .  Tw elve  

r e c o r d s  w ere  o b t a in e d .  These were r e c o r d e d  from a 

b a l l o o n  a t t a c h e d  to  a t h i c k  w a l l e d  ru b b er  t u b e .

The b a l lo o n  was i n s e r t e d  r e c t a l l y  to  a d i s t a n c e  

6 “- 9“ and t h e  ru b b er  tu b e  c o n n e c te d  t o  a s t r a i n  gau ge  

(Langham-Thompson) ,  The sy s te m  was p r im ed  by t h e  

i n j e c t i o n  o f  IQ m l.  o f  a i r ,  and c h a n g e s  in  p r e s s u r e  

w ere  r e c o r d e d  on an Ediswan in k —w r i t i n g  r e c o r d e r  a f t e r  

s u i t a b l e  a m p l i f i c a t i o n .  T e s t s  f o r  a r t i f a c t  r e v e a l e d  

o n ly  a r i s e  o f  2-3  mm.Hg. by c o m p r e ss io n  o f  th e  

ru b b er  t u b e ,  and t h i s  was o b v i a t e d  by l e a d i n g  th e
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tube between the legs and over the front of the 
thigh.

X-ray facilities are not available in the human
centrifuge and to examine changes in the position
of the heart recourse was made to vectorcardiography.
Vectorcardiography is largely empirical and has many
theoretical limitations (Fulton 1951) it does give an
immediate picture of the electrical position of the
heart. There is no close correlation between the
electrical axis of the heart and the anatomical axis
but anatomical changes can be deduced from the
vectorcardiographic changes by analogy. There are
well marked changes in the vectorcardiogram with
respiration. With.inspiration there is a decreased
amplitude of Q.H.S, in lead I and an increase in
amplitude of Q.H*S. in leads aVP and Vq. Both
frontal and sagittal V. G.G-.s show a swing towards
the vertical. There may also be changes in the
shape of the loop and direction of rotation but these
do not affect the overall change. Since inspiration
is associated with descent of the diaphragm and a
descent and elongation of the heart, a rough anatomical 
correlation can be drawn. Similarly in expiration
the V.C.G. becomes more horizontal and often shows
a move into the *$X-Y quadrant due to the development 
of a q wave in lead aVJ?. tie can deduce that raising
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the diaphragm may play a part in these changes in' 
the V.G*G,, bearing in mind that changing autonomic 
balance may also be responsible (Simonson et al. 
1 9 4 6 ) .

In this investigation it was decided to record 
the frontal and sagittal planes simultaneously. A 
Cossar split beam C.R.O, was used with aVF as the 
common lead, the connections are shown in Fig.20.

Since respiration produces changes in the 
V.C.G-, it was important that the V. C.G-* should 
always be recorded at the same phase of the res­
piratory cycle. The best time is mid-inspiration 
or mid-expiration which gives a mean position. In 
this series of experiments recordings were made at 
mid-expiration. A respiratory record was obtained 
from a thermocouple in the nostril. The most sharply 
defined part of the respiratory record is the peak 
of inspiration and this was used as the signal to 
record the V. C.G-. When each peak appeared on the 
record a button was pushed which caused a complex 
to be photographed on 35 mm film approximately 0 .5  

sec. later. The details of the circuits involved 
are given in the appendix.

Several normal resting V. C.G-. s are recorded 
with the stomach empty, and a record of full



in s p ir a t io n  and e x p ir a tio n  was ob ta in ed  fo r  com parison. 

When th e  steniaeh was d is ten d ed  d u p lic a te  record s were 

made. ’Traces were a lso  photographed a t p ea t g  both  

w ith  and w ith o u t d is te n t io n  o f  th e  stom ach.
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The r e s u l t s  fo r  su b je c t  P.G. are in c lu d ed  in  Table 

15 but are exclud ed  from the s t a t i s t i c a l  a n a ly s is  

as he d id  not carry out the d u p lic a te  ru n s. I t  

w i l l  be seen from Table 15 th a t a f t e r  drink in g  w ater, 

a l l  su b je c ts  showed a r a is e d  th r e sh o ld . A n a ly sis  o f  

var ian ce  shows t h i s  r i s e  i s  s ig n i f ic a n t  at the  

l e v e l ,  i t  a ls o  shows th a t o c c a s i o n , i . e .  whether (a )  

or (b ) ,  was not s ig n i f i c a n t .

The amount o f  w ater a su b ject cou ld  consume 

v a r ie d  w ith  th e  o c c a s io n . An attem pt was th e r e fo r e  

made to  d e te c t  any c o r r e la t io n  between the q u a n tity  

o f  w ater in g e s te d  and th e  r i s e  in  th resh o ld  produced. 

There i s  a s ig n i f i c a n t  l in e a r  r e la t io n s h ip  between 

th e se  two v a r ia b le s ,  th e  form ula o f  the r e g r e ss io n  

l in e  being

Y = -O.O4 40.485X

where Y s th e  in c r e a se  in  g to le r a n c e  and x th e  

q u a n tity  o f  w ater in g e s te d  in  m l,, th e  c o e f f i c i e n t  

b = C.Q85 (P-O.Oi). This l i n e  i s  shown in  f i g .  21 . 

Stomach d is te n s io n  ca u ses a r i s e  in  th r esh o ld  o f  

some 1 8 .3 6 ,

b) In tra-abdom inal p r e s su r e s .

Table 1 6 . shows th e  changes in  in tra-abdom in al 

p ressu re  w ith  g b efore  and a f te r  d rin k in g  w ater .

The i n i t i a l  p ressu re  has no a b so lu te  s ig n if ic a n c e
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and depends on th e  c a p a c ity  o f  th e  system  and the  

q u a n tity  o f  a ir  u sed  to  prime i t .  The measurements 

are a l l  r e l a t iv e  to  t h i s  a rb itra ry  s t a r t in g  p o in t .  

With th e  stomach empty th ere  i s  a mean in c r e a se  o f  

1 8 .2  mm.Hg./g in  in tra-abdom in al p r e ssu r e . A fter  

d rin k in g  w ater th ere  i s  an in c re a se  in  th e  r e s t in g  

p ressu re  v ary in g  from 8 .7  mm.Hg. (M.K.B. ) to  0 . 7  mm. 

Hg. (J.C.G-. a ) .  The r a te  o f  in c r e a se  in  p ressu re  w ith  

g a lso  shows an in c r e a se  to  20.8  m m.Hg./g, This r a t e  

o f  r i s e  o f  in tra-ab d om in al p ressu re  i s  f a i r l y  c o n s t a n t  

fo r  any su b je c t  in  any day but v a r ie s  from day to  

day, presumably due to  a d if fe r e n c e  in  p o stu r e , and 

perhaps in  th e  ton e o f  th e  abdom inal.m uscu lature,

c )  The E a n d  vectorcard iogram .

1  , n
3



227.

r--
iH

wI

0
CO •»“ ' v

H 0
d E
P <  CQ O

P  * H
< P O  P

O 0 cd
• r o >

0  J D p
CQ d  O
0 3 0 0
0 £ t
P  r H O

°  d
E  < < > >

• H P
E

< H • 0
O P K .

©  p
(D J-3

P 0  < P
0 3 • s .

►» o
p

t o  r o
E E E

• H • H 0
0

» d E  S
c • H
cC P 0

* d  &
© P

P P
0 3 0 0
P  - P P

< P c ti
0 0 3
ro 0

H ' d ' P
d E  H
a  0 3 d

0
t o  0 ©
E P p

• H O
P  <u 0
ra © . c
0  j d e h

P
b O  I

E
• H  X 5 •

p  »d
0  * H 0
© t e  » d
b O d
E 0  H
0  +3 o

. E 0 3 E
O  P  - H

•H 0
P  •

*3 © as e m H
0  p  -H r - vocti P • - .© © \ d* H

as
P  0
O H

o e  d
H P 4

o£*
CQ

Pu
ls
e

e in
.

vo
b O P .S on ON
E  C f l \ • - .*
•Hpd o M3V
P r - * ]0
0

PS

 ̂aO
e \
•H 0

u
P  • la 00

0  aS E OO ON

1

0  P  *H * - .
03
0  © \

un
S i

P  0
w a  iho e  d

H P <

o
EHt ©
CQ 0

H
d

p* KN
E vo CVJ

50 © *H • - •
E  P .  £ ON CO
•h  a s \ [-- # 1p e n
0
0

PS •

E cifas© ♦ 1



The e f f e c t  o f  s tom ach d i s t e n s i o n  on t h e  p u l s e  

r a t e  can be s e e n  from T ab le  17 . When t h e  s tom ach  

i s  f u l l  t h e r e  i s  a f a l l  i n  t h e  r e s t i n g  p u l s e  r a t e  

and a d e c r e a s e  i n  t h e  r a t e  o f  i n c r e a s e  o f  p u l s e  

r a t e  w i t h  g .  These  c h a n g e s  a re  n o t  s t a t i s t i c a l l y  

s i g n i f i c a n t .

The effect of respiration on the E.O.G. is 
shown in fig. 22. Expiration, which is associated 
with elevation of the diaphragm, produces an increase 
in amplitude of Q.R. S. and T in lead I, a fall in 
amplitude of.Q*R«S« and T in lead aVF, and an 
increased amplitude of Q.R.S. with a diminished T 
in lead V^. On comparison with fig. 23 it will be 
seen that the effect of distending the stomach is 
to produce a change similar to that of deep expiration. 
This can be clearly seen from the vectorcardiograms. 
Pig. 24 shows sample records of full inspiration and 
expiration for two of the subjects. It may be seen 
that inspiration is association with a vertical type 
of V*C. G. with open loops while with full expiration 
there is a swing to the horizontal with narrowing of 
the loops and a tendency to crossing in the frontal 
plane V.G.G* The P. and T loops are not considered 
here. The changes in the V.C.G. taken at mid- 
expiration with the stomach empty and distended are



shown in fig. 25. It will be seen that in all cases 
there is a swing of the loop towards the horizontal 
with narrowing. Thus the effect of ingestion of 
water is to cause a change in the position of the 
heart,the change being similar to that produced by- 
full expiration. This change may be due to elevation 
of the diaphragm.

This change due to distention of the stomach is 
maintained during g, ifhen the loops show a move 
towards the inspiratory position with the stomach 
empty but are maintained at the expiratory position 
when the stomach is full.

Discussion.
Ruff (1938) found that tolerance to acceleration 

increased following a meal, and German investigators 
in general stated that fasting lowered g tolerance. 
However Ruff compared tolerance before and one and a 
half hours after a heavy meal and made no attempt to 
determine the cause of the change. Using unconscious­
ness as an end point he found a protection of 0.4 -
l.gg with his subjects tense and straining. His 
explanation depended on the fact that engorgement 
of the splanchnic area was accompanied by a general­
ised vasoconstriction, both of which would resist the 
pooling of blood under g. This explanation had no
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experimental backing, and somatic vasoconstriction 
is not a normal consequence of digestion.

A more careful investigation was carried out by 
Glark and Jorgenson (1945) who use 1-J--2 litres of 
water or milk to produce stomach distention and 
measured the threshold before and 10- 2(> min. after 
drinking. They found an average protection of
0.3-0.4g the range being 0-l.lg..This is somewhat 
lower than the results of the present experiment 
which showed a mean increase of 0 ,7g. with a range 
of 0,25“1»3^£* This difference is surprising in 
view of the fact that similar quantities of water 
were ingested in both cases. A possible explanation 
may lie in the fact that their experimental runs 
were carried out 10-20 min. after beginning to drink, 
whereas in the present experiment the corresponding 
runs were carried out after ^  min. In this experiment 
there may have been more stomach distension at the 
time of the runs than in the American experiment.

The changes in intra—abdominal pressure with g 
in the subjects with empty stomachs (l8.2 mm.Hg./g. ) 
agrees well with the findings of Glark and Jorgenson 
who obtained a mean increase of 18.5 mm.Hg./g., and 
Rushmer who found 25 mm.Hg./g. The increase in pressure



due to fluid ingestion is slightly greater (20.8 
ram.Hg./g.J and increases linearly with £  as in the 
empty stomach runs. At Jg there is an increase in 
pressure of 12—l6 mm.Hg. due to ingestion of water, 
this is m&ch higher than the change found by Clark 
and Jorgenson (7~9 mm.Hg.) which again may be 
attributable to the difference in time of measurement. 
These authors had found that by carrying out a 
straining manoeuvre which maintained the intra­
abdominal pressure 40 mm.Hg. above normal levels 
a protection of l.Og could be obtained. Using this 
figure as a basis, the increases of pressure found 
by them should have given a protection of 0.2^ 
whereas, in fact, their mean protection was 0.3-0.4g. 
The difference between the experimental and calculated 
values was accepted as experimental error, and theTr 
deduced that the increased threshold was due to an 
increased intra-abdominal pressure, which, by producin 
a steeper abdomino-thoracic pressure gradient, 
maintained venous return to the right side of the hear 
Using this figure of 4° mm.Hg. for l.Og protection 
the increased intra—abdominal pressure found in the 
present study should give 0.4j[ protection. However, 
the actual protection was °.7g. This discrepancy is
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of the same order as that of Clark, but under the 
conditions of the experiment is greater than can be 
attributed to experimental error, it is clear that 
the increase in intra-abdominal pressure cannot explain 
entirely the increased protection arising from stomach 
distension. A further reason for doubting this simple 
explanation is that trials of methods for pressurising 
the abdomen externally gave little protection (Stewart 
194l)* On theoretical grounds also there is reason 
to doubt this hypothesis since, although increased 
intra—abdominal pressure increases the abdomino­
thoracic pressure gradient, it also impedes venous 
return from the lower extremities and increases pooling 
in the periphery. It would appear that the increase 
in threshold over the predicted value is probably due 
to some other mechanism.

Depent of the diaphragm and heart under £ has been 
shown by Ruff et al. 1939 in monkeys. It has been con­
firmed by Rushmer (1944) for humans in whom the dia­
phragmatic descent may amount to 5“6 om*
This is obviously a large factor in lowering £ tolerance, 
since a difference in heart brain distance of 5-6 cm. 
at necessitates an increased blood pressure of
25 mm.Hg. at heart level to maintain a blood supply



to the base of the brain. At l.Og. a pressure of 25 

mm.Hg, at heart level would be adequate to support 
a column of blood JO cm. high which is the mean heart-brain 
distance. If descent of the heart could be prevented 
under £ a protection of about 1.0£ would theoretically 
result, Ifi distension of the stomach acts as a cushion 
and supports the diaphragm preventing its descent, 
this would provide the explanation of the protection 
afforded by a full stomach. The position of the 
diaphragm can be inferred from the vectorcardiogram.
As has been shown in figs. 23 & 25 , ingestion of 
water causes a change in the E.C.G-. and V.Q.G. towards 
the position seen in full expiration, which may be 
due to elevation of the diaphragm,. This does not 
agree with the findings of Simonson et al. (1946) who 
investigated changes in the E.C.G-, following the 
ingestion of a meal of 200-269 g*. weight. These authors 
appreciated the effect of respiration and recorded 
their E,G.G.s with respiration arrested. They reported 
no change in the (4#R. S, axis. However, they did not 
examine the E.C.G. till 3° min., after the meal and 
provide no information concerning the volume ingestdd.
In addition, their recordings were restricted to the 
standard leads. It may well be that the volume of 
the stomach 3O min. after their test meal was in­
adequate to produce any changes, while the standard
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bipolar leads do not give a good indication of the 
electrical axis. During g there is a swing of the 
frontal and sagittal vectorcardiograms towards the 
vertical. This implies an antero-posterior rotation 
to the right with a counter rotation to the left about 
the longitudinal axis, and is an exaggeration of the 
change seen on tilting a horizontal subject to the 
vertical (Mayerson & Davies,1942). This change whihh 
may be due to descent of the diaphragm, is similar 
to the changes seen in inspiration. When the stomach 
is distended this swing also shows a tendency to occur 
but the E*C%G» and vectorcardiogram remain in the 
position of full expiration. This suggests that the 
diaphragm remains high and its descent is being re­
sisted. It seems likely therefore that distension 
of the stomach prevents the increase of heart-brain 
distance which occurs during positive acceleration.
In this case a significant degree of protection 
would be anticipated.
Conclusions

There is definite advantage to be gained by 
flying with a full stomach. By missing a meal the 
aviator lowers his tolerance to accelerative forces , 
and may show a fall of 2($ in his blackout threshold.

The increased g protection afforded by a full
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stomach may be due in part to the increased intra- 
abdominal pressure it produces. However, both 
experimentally and theoretically this is inadequate 
to explain the findings. In the author1s view added 
protection is gained by the prevention of an increase 
in heart—brain distance. This is presumably due to 
the distended stomach resisting descent of the dia­
phragm during the application of positive acceleration. 
Summary
1. Distension of the stomach by ingestion of water 
produces an increase in g tolerance of 0.7g, the range 
being 0 .3-l#3g.
2. There is a significant linear relationship 
between the quantity of water ingested and the rise 
in blackout threshold.
3. Intra-abdominal pressure rises linearlyi with 
g,and ingestion of water raises this pressure and 
rate of rise. This increase is inadequate to explain 
the rise in threshold produced.
4. It is suggested that the rise in threshold is 
produced largely by the distended stomach supporting 
the diaphragm and preventing descent of the heart 
under g#
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. C H A P T E R  VII 

The E f fe c t s  o f  In g e s t io n  o f  E thyl A lcohol on
T olerance to  A c c e le r a t io n .

Aircrew should not consume a lc o h o l in  any form 

p r io r  to  f l y in g .  The gen era l e f f e c t s  o f  a lco h o l  

in to x ic a t io n  are too  w e ll known to  need d e sc r ip t io n  

h ere: s u f f ic e  i t  to  say th a t the f a l s e  confidence

and e r r o r s  o f  judgment which i t  provokes are not 

conducive to  the sa fe  handling o f an a ir c r a f t .

S ince a ircrew  do partake o f a lc o h o l a t vary in g  

p eriod s o f tim e b efore  f l y in g ,  i t  was f e l t  th a t an 

o b je c t iv e  exam ination o f  th e ir  a b i l i t y  to  w ithstand  

f l i g h t  s t r e s s e s  th e r e a fte r  was req u ired .

T his experim ent was planned to  o b ta in  inform a­

t io n  which would correspond to  the lunchtim e  

drinker who would f l y  in  the course o f  the a fter n o o n , 

or the p i lo t  who had a few drinks in  the even in g  

p r io r  to  n ig h t f l y in g .  A dose o f a lco h o l was g iv en  

o r a lly  and the to ler a n c e  to  a c c e le r a t io n  measured a t  

vary in g  tim e in te r v a ls  th e r e a f te r .



Methods and M a ter ia ls

The method o f  a d m in ister in g  a lc o h o l should  

be as r e a l i s t i c  as p o s s ib le ,  s in c e  o th er  fa c to r s  

such as a ld eh yd e^ n d  h igh er e s t e r s  m ight a lso  

in f lu e n c e  th e  r e a c t io n  o f  the su b je c t . The most 

r e a l i s t i c  and a ccep ta b le  drinks were beer  and w hisky. 

B eer, however, in tro d u ces  s id e  e f f e c t s  by produc­

in g  stomach d is te n s io n  and so whisky was u sed . The 

brand was th e  same throughout and was "Black and 

W hite", b lend ed  by J a s . Buchanan & C o., Glasgow.

The q u a n tity  in g e s te d  was 114 m l.w hich has an 

e th y l  a lc o h o l con ten t o f  40 m l. A comparison o f  

a lc o h o lid  . e . , beverages and th e ir  a lc o h o lic c c o n te n t  

i s  g iv e n  in  ta b le  18.
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Absorption of alcohol from the empty stomach 
is rapid and blood levels reach a maximum in 
30-60 min. The presence of food slows and prolongs 
the absorption. The subjects in this experiment 
partook of a light breakfast 2 hours before the 
experiment in order that the stomach should be 
empty and absorption rapid and predictable, since 
there were no facilities for the estimation of 
blood alcohol.

Six experienced subjects took part in this 
investigation.

The subjects* tolerance to acceleration was 
measured by means of the threshold technique 
utilizing central light loss with the dark adapted 
eye as the end point. Two hours after breakfast 
the subjects carried out two threshold runs, the 
mean of which was used as a control. Following 
the second run they were given Hi* ml. whisky to 
drink. The whisk# was drunk neat within a 
period of 15 min.



The threshold measurement was then repeated 

after one hour and after two hours. Each 

measurement was on two runs, the mean of which was 

used as the experimental value.

In addition a series of runs were carried out 

in which subjective impressions of visual changes 

were recorded. With bright ambient illumination 

the subjects were given a series of runs until a 

level was found at which visual changes were 

beginning to occur. These runs were of the 

plateau type, i.e., the centrifuge was brought to 

peak g at a rate of 1 .0 g/sec., maintained at 

peak g for 15 sec , and then decelerated to rest 

at 1.0 g/sec. Two and a quarter hours after the 

ingestion of whisky a further run was made at this 

predetermined level and the symptoms compared. 

Results 

Part I.
The changes in threshold measured by the dark 

adaption technique are shown in Table 19.



Table 19

Changes in visual threshold during acceleration 

at various time intervals after the ingestion 

of 114 ml. of whisky.

Subject
Control
Threshold

R.

Threshold 
1 hour after 

Whi sky 
ff. .

Threshold 
2 hours after 

Whisky 
R

P.G. to•to 2.9 2.5

N.L.A. 3.2 3.4 3.6

M.K.B. 2.7 1.9 2.5

G.H.B. 3.0 2.9 2.8

J. C. G* 2.4 2.3 2.0

F.L. 2.4 2.3 2.7

Means 2.8 2.6 2.7

From table 19 it will be seen that there is 

no significant difference between the means. 

However, there is a large variation in control 
thresholds and since the effects of alcohol have 

a large individual variation it is more informative
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to examine each case separately then in a group.

Thus 5 out of 6 subjects show a fall in threshold 

as measured by this technique although these 

individual thresholds are of doubtful signific­

ance as the maximum standard deviation for any
J Lsubject in a series of runs is - 1.5 g. One 

subject (N.L.A.) shows a rise in both the exper­

imental sets of runs. The other subjects show a 

varying time course, three (P.O., G.H.B.,S.C.G.,) 

show a fall at both one and two hours whereas M.KB. 

and F.L. show a fall at one hour followed by a rise 

after two hours. The maximum percentage fall in 

threshold measured is shown in Table 20.

TBBLE 80

The maximum percentage fall in threshold 

measured within two hours of the ingestion of 114 flilt 

ofifeiisky,
P.  a .  2 4 . 3 $
M.K.B. 39.6$
G.H.B. 6.7$
J. C.G. 16.7$
P . L .  4 . 3 $
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It must be remembered that the observations 

were made at hourly intervals and that the maximum 

threshold change may have occurred between runs.

The absorption time of the alcohol would vary from 

subject to subject and the rate was not known as 

it was not possible to estimate blood alcohol.

None of the subjects showed signs of severe 

intoxication. It was noticed that most subjects 

showed less of control of fine movements and there 

was slight dysphasia in all cases. The most 

interesting observation arising from this first 

series of runs concerned the occurrence of 

disorientation. In the human centrifuge decel­

eration is accompanied by feeling of falling 

forwards flat on one's face. This is due to 

conflicting sensory information derived from the 

semicircular canals and is called "toppling".

Although it is very noticeable and upsetting when 

it is first encountered, this sensation is soon 

suppressed and experienced subjects seldom notice 

it.



Iii this series of experiments all six subjects 

complained of the Hoppling1* and emphasised that 

it was the worst they had ever experienced. In 

two very experienced subjects (M.K.B., P.G.) who 

had not noticed this sensation in the previous 

two years it produced marked nausea and necessitate! 

a period of rest before further runs could be 

carried out.

The results obtained from the other method 

of examination are shown in Table 2d • When very 

experienced subjects are used, their visual 

observations have been found to be just as reliable 

as those obtained by more objective methods.
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T A B L E  21

Subjective Visual Impressions during 15 sec. Runs at 
a Level of £ where Transient Greyout normally occurs.

The Rate of Application of £ is 1.0 £/sec. 
Results obtained before and after drinking Whisky

are compared.

Subject
Peak

E

Control
EAlone

g two hrs. after 
drinking I l k  ml. 

Whisky.
P.G. 3.6 n.v.s. Severe GO
N.L.A. 3.6 veiling BO
M.K.B. 3.6 n .v. s. Severe GO
G.H.B. 3-U mild GO BO
J.O.G. 3.U veiling Severe GO
P.L. 3.6 veiling BO
KEY: n.v.s. = no visual symptoms.

veiling= a general misting of visual fields.
GO = greyout - (a) mild - loss of

peripheral vision only
(b) severe - only central 
vision retained.

BO = blackout.
By this method of determination all subjects 

showed a lowered tolerance to acceleration. This is 
manifested by a distinct worsening of the visual 
sequelae of a fixed amount of g.



Discussion

The variation in results using the dark 

adaptation method of threshold determination may 

be due to several factors. Firstly the absorption 

of alcohol may have been erratic and given rise 

to the varying time response of the subjects. A 

more likely cause however is the excitement produced 

by alcohol. The first effect of alcohol is a 

depression of the higher centres which by removing 

inhibitions causes restlessness and excitement.

The altered cerebration in this series was manifest 

in the dysphasia of all the subjects and minor 

alterations in their behaviour. The method of 

threshold determination is extremely sensitive 

and requires relaxation on the part of the subject, 

and it seems likely that after consuming 114 ml. of 

whisky this condition did not obtain. It was for 

this reason that the experiment was repeated using 

a different method.

By determining a change in the visual symptoms 

at a fixed level of g. It was found that they became 

much worse after the consumption of whisky.



In three cases who had experienced mild visual 

symptoms on the control run, an identical run 

two and a quarter hours after drinking whisky led 

to blackout. The mean increment of g necessary 

to change greyout to blackout was found to be 

0.6 g in a series of 1000 subjects by Cochran 

Gard and Norsworthy (1954) which corresponds to 

the figure found in this laboratory. It would 

seem therefore that a considerable fall in 

tolerance occurs following the absorption of 

ethyl alcohol.

The harmful effects of alcoholic beverages 

on the aviator has recently been reviewed by

Malmejac (1957) who concludes that 11 alcohol"
, 'decreases the resistance to anoxia. It modifies

the psychic balance and deteriorates psychosensory 

'as well as psychomotor reactionsH. He has not, 

however, considered the effect on tolerance to 

acceleration. The influence of alcohol on the 

various systems of the body is described by Goodman 

and GiIman (19 52).
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Briefly it causes a depression of nervous function 

which begins at the highest centres and progresses 

downwards. Contrary to popular belief it does 

not at any time produce stimulation, but in the 

early stages of intoxication it removes the 

inhibition of the higher centres and so causes 

restlessness, excitement and looses the emotions 

from their normal control. There is an unapprecia­

ted loss of judgement, a sense of euphoria and 

a loss of the sense of fatigue. The effect on 
the cardio-vascular system varies, the most 

constant changes being peripheral vasodilation and 

a slight tachycardia.

The cause of the toiic effects of alcohol 

have not yet been elucidated. There are several 

theories. Smith (1930) suggested a duel action, 

the first phase being surface effect due to the 

higher concentration of alcohol outside the cell, 

the second phase was when equilibrium was reached 

and was possibly due to an interference with 

Cellular exidatlon-reduction systems.



The fact that the action is to cause anoxia at 

cell level is universally agreed and Peters and 

Van Slyke (1931) classes alcohol as a cause of 

histotoxic anoxia* '. , This is further illustrated

by the fact that anoxic anoxia due to high altitudes 

cause a similar set of signs and symptoms. Alcohol 

is not excreted by the body to any extent but is 

metabolised to acetic acid, with the intermediate 

step being the formation of acetaldehyde. It 

has been suggested that the acetaldehyde is the 

active agent, since Intravenous injection of 

acetaldehyde gives rise to the same symptomatology 

as alcohol intoxication (Assmussen, Hald and Larsun 

1948) This hypothesis is further strengthened 

by the fact that the ingestion of tetraethylthiuramd- 

isulphide (Antabuse) with alcohol increases the 

formation of acetaldehyde (Hald and Jacobson 1958), 

and so produces its profound effect. Whatever 

the biochemical site of action it seems clear that 

there is a degree of cerebral anoxia due to alcohol.



This depression of nervous function would probably 

account for the deterioration in threshold follow*- 

ing alcohol. However, it is interesting to examine 

the haemodynamic changes also. It has already 

been pointed out (vide supra) that alcohol causes 

cutaneous vasodilation and thus pooling has to 

some extent commenced before g is applied. There 

is no change in the cerebral blood flow or cerebral 

vascular resistance following the ingestion of 

alcohol (Loman and Myerson 1942). In dogs Machne 

(1950) has shown that the carotid sinus response 

may be augmented by small doses of alcohol but 

abolished by larger doses - this has also been 

noticed by Liljestrand who suggested that alcohol 

possibly blocks the action of chollnesterase. It 

would appear that on a purely mechanical bases there 

might be a fall in threshold. Although alcohol 

per se does not diminish the cerebral circulation, 

the vasodilation it produces will allow pooling to 

occur which will prevent adequate cardiac compen­

sation when g is applied.
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In addition if the pressor reflex from the 

carotid sinus in man is inhibited there will be 

no stimulus to cardiac compensation during the 

application of acceleration.

Although Battey et al.(1953) found no 

change in cerebral metabolism following alcohol 

and Loman and Myerson (1942) found no change in 

glucose or oxygen uptake with levels of alcohol 

sufficient to cause facial flushing and mild mental 

changes, there is no doubt that alcohol causes cerebral 

anoxia. Since the retina is extremely sensitive 

to anoxia it seems reasonable to suppose that 

depression of the retinal cells might be additional 

factor although the fall may also be wholly or 

partly due to haemodynamic causes.

The other interesting finding in this 

experiment was the gross degree of disorientation 

which occurred at the end of the runs. It would 

seem as If an effect of alcohol is to eliminate 

the adaptation which has occurred to the combined 

angular acceleration.



This might be due to depression of the higher 

centres removing their inhibiting influence from 

vestibular sensation. Alternately it may be a 

result of head movement during the acceleration 

phase adding a further angular acceleration. This 

sensation was so disagreeable and nauseating that 

i:0.t occurred in flight the pilot would have extreme 

difficulty in controlling his aircraft.

Conclusion

The ingestion of alcohol prior to flying is 

likely to diminish the pilots ability to control 

his aircraft. Quite apart from the false confidence 

and errors of judgement which it induces, there is 

a diminished tolerance to positive acceleration and 

to disorientation. It is not possible to say how 

long these effects last, They were present at the 

termination of the present experiments, i.e., two 

and a quarter hours after the ingestion of 

alcohol.



Summary

Six subjects drank 114 ml. of whisky and had 

their thresholds measured at varying time 

intervals thereafter.

Thresholds measured at hourly intervals by 

the dark adaptation method were extremely variable 

and showed no significant change. This was 

possibly due to the method being too sensitive 

for the state of the subjects.

Using plateau runs at a peak g of 3.4 - 

3.6 g the ingestion of whisky was associated with 

a worsening of the visual sequelae after two and a 

quarter hours. This represented a fall in tolerance 

which may amount to 0.6 g.

Disorientation was aggrevated by the 

ingestion of alcohol.

These effects were found during two and a quarter 

hours after drinking whisky.
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CHAPTER V III

The e f f e c t  o f  h y p e r v e n tila t io n  on to le r a n c e  
 to  a c c e le r a t io n .

Apart from p o s i t iv e  a c c e le r a t io n  th e  commonest 

i n - f l i g h t  s t r e s s  which p lagu es th e  a v ia to r  today i s  

h y p e r v e n t ila t io n . In th e  normal su b je c t  overb reath in g  

occu rs w ith  em otional s t r e s s ,  excitem ent and a n x ie ty .  

A ll o f  th e se  are p resen t to  a g rea ter  or le s s e r  

e x te n t  in  every f l i g h t ,  th e ir  degree b ein g  r e la te d  

to  th e  perform ance o f  th e  a ir c r a f t .

During th e  war h y p e r v e n tila t io n  was d escr ib ed  

by G old ie (1943  ̂ in  bomber p i l o t s  on th e  outward 

f l i g h t  to  th e  ta r g e t ,  th e  b rea th in g  p a tte rn s  

retu rn in g  to  normal on th e  f l i g h t  home. This p o te n t ia l  

hazard was a lso  ap p rec ia ted  by American a v ia t io n  

w orkers. Rushmer, Boothby and Hinshaw (1941) 

p o in ted  out th e  dangers in  a v ia t io n  and emphasized  

th e  slow in g  o f  c o -o r d in a tio n  and c er eb ra tio n  

whioh ocourred w ith  even m ild  o v erb rea th in g . In  

.1943 Hinshaw, Rushner and Boothby p o in ted  out th a t  

m ild  h y p e r v e n tila t io n  over  a lon g  p er io d  o f  tim e  

produced e f f e c t s  whioh were ju s t  as profound as in  

an acu te  se v er e  b ou t. In  s p i t e  o f  th e  r e c o g n it io n  

o f  th e  r is k s  l i t t l e  p o s i t iv e  a c tio n  was taken in  

b rin g in g  i t  to  th e  n o t ic e  o f  th e  p i l o t s  th em selves  

u n t i l  1955 when Brown d escr ib ed  se v e r a l in c id e n ts



in  a magazine c ir c u la te d  to  a ir c r e w s . The most

d e t a i le d  in v e s t ig a t io n  was th a t  o f  B alke and h is

co-w orkers (1957^ who o b ta in ed  a lv e o la r  sam ples

from p i l o t s  o f  j e t  a ir c r a f t  during r o u tin e  tr a in in g

f l i g h t s .  They found ev id en ce  o f  h y p e r v e n tila t io n

in  78$ o f  sam ples and th a t h y p e r v e n t ila t io n  became 
*

more freq u en t w ith  in c re a se d  high performance

c a p a b i l i t i e s  o f  th e  a ir c r a f t  flow n . In  the P . 86

a ir c r a f t  ( j e t  f ig h t e r  tr a in e r )  63$ o f  sam ples showed

h y p e r v e n t ila t io n , the a lv e o la r  pC02 l e v e l s  being

25-3O mm.Hg. (4 1 # ) , 20-25 mra.Hg. ( l i $ )  and below

20 mm.Hg. ( £ $ ) ,  S im ila r  r e s u l t s  were rep orted  by

E l l i s  e t  a l .  ( 1957  ̂ to  the American Aeromedioal

C onference. I t  i s  c le a r  from th e se  r e s u l t s  th a t

h y p e r v e n t ila t io n  i s  common in  f l i g h t , .

H y p erv en tila tio n  produces a r e sp ir a to r y  a lk a lo s is

o f  which th e  most dram atic s ig n  i s  th e  development

o f  te ta n y . More im portant in  th e  p resen t co n tex t

however i s  the e f f e c t  on the cereb ra l b lood flo w ,

which may be reduced by as much as 59% when the
*

a r t e r ia l  pC02 f a l l s  by 6 mm.Hg. I t  seems reason­

a b le  th a t h y p e r v e n tila t io n  w i l l  acoen tu ate  the  

e f f e c t s  o f  any o th er  s t r e s s  low erin g  cer eb ra l b lood  

f lo w . H y p erv en tila tio n  a ls o  has th e  a b i l i t y  to  

provoke an e p i le p t i c  s e iz u r e  in  s u s c e p t ib le  p a t ie n t s ,
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this effect is potentiated by a low blood sugar and 
forms the basis of a diagnostic test, this will be 

discussed further in chapter IX.
This chap ter  p r e se n ts  th e  r e s u l t s  o f  an 

in v e s t ig a t io n  to  examine th e  e f f e c t  o f  h y p e r v e n tila t io n  

on to le r a n c e  to  p o s i t iv e  a c c e le r a t io n .

Method and M a te r ia ls

The method o f  th r e sh o ld  determ in ation  whioh u se s  

c e n tr a l  l i g h t  l o s s  w ith  th e  dark adapted eye was 

i n i t i a l l y  u sed  on t h i s  experim ent. However i t  was 

soon found th a t  i t  was too  d e l ic a t e  and was 

abandoned. The method r e l i e s  upon com plete r e la x a t io n  

o f  th e  su b je c t  fo r  accu rate  r e s u l t s  s in c e  minor 

f lu c tu a t io n s  in  b lood  p ressu re  and m uscular e f f o r t  

r a is e  th e  th r e s h o ld . During vo lu n tary  overb reath in g  

th e r e  i s  stren u ou s muscular a c t iv i t y  and change in  

p o s i t io n  whioh a f f e c t s  th e  r e s u l t s .
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The method was to determine a level of accel­
eration at which the subject just began to have 
dimming of vision with bright ambient illumination, 
tohen this level had been found and the subject had 
been rested he was asked to overbreathe and to continue 
until the centrifuge had come to rest. The degree 
of hyperventilation was entirely in the subjects* 
control as it was felt that this was more natural 
than setting the rate by means of signals. The 
subject was allowed to overbreathe for one and half 
minutes at which time the centrifuge was started.
The run consisted of accelerating at l.Og/sec. to 
the previously determined peak g, staying at peak 
for twenty seconds and then decelerating to rest.
The subject continued overbreathing throughout the 
run. On completion of the run the visual symptoms 
were reported by the subject and compared with the 
control run.

Six experienced centrifuge subjects were used 
for this experiment. All of them had carried out 
over five hundred runs and experience had shown 

that their subjective impressions o f  degree o f  

visual loss were as reliable as any system o f  

peripheral lights.
The instrumentation on these runs consisted of
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bipolar occipital electrodes from which the E. E. G. 
was recorded. It has previously been determined in 
these subjects (Part 1 chapter VII) that two minutes 
hyperventilation at rest produced no abnormality in 
the E.E.G*

Results.
The results are shown in table 22. The degree 

of greyout is judged from the amount of narrowing 
of the visual field.

Table 22.
Subjective visual impressions in bright light 
during 20 sec. runs at g levels where visual 
symptoms are just beginning to.appear. The 
rate of application of g was l.Og/sec.

Subject Peak g

visual symptoms

g alone g + 2 min 
overbreath 

ing.

P.G* 3*6 clear mild grey-out
N.L.A. 3;6 veiling severe grey-out
IvUK.B. 3*6 clear mild grey-out
G* H.B. 3-4 grey-out unconscious
J * C • G. 3*4 veiling mild grey-out
P.L. 3-6 veiling severe grey-out
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It can be seen that in all subjects the visual 
symptoms occurring under g were aggravated by hyper­
ventilation. One subject (G.H.B.) lost consciousness 
at the low level of 5*4 £ when he had.a major con­
vulsion. His E. E. G. is shown in fig. 27* There 
are no changes in the E.E.G. until loss of con­
sciousness, occurs when there is emergance of large 
slow waves.

No samples of alveolar air were obtained. 
Subjectively the subjects all complained of tingling 
of the limbs, dizziness and two (P.G., P.L.) of 
headache.
Discussion

Active hyperventilation causes a reduction in 
cerebral blood flow of 33"“35$ (Kety & Schmidt 194^) 
which is due to cerebral vasoconstriction (Kety & 
Schmidt 1946,1947, Schmidt 1950). This reduction 
in cerebral blood flow is almost certainly the cause 
of the diminished cerebration. When overbreathing 
the blood flow through the brain and retina is al­
ready reduced and any given degree of acceleration 
will produce a more profound effect. Similarly, if 
the decrease in flow to cause symptoms is known, 
hyperventilation will contribute to this diminished 
flow and the visual symptoms will occur at a lower 

g level. The experimental findings agree with this
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theory. The one subject who lost consciousness may 
have been more susceptible to overbreathing than the 
others or alternatively he may have been more 
vigorous in his efforts and reduced his arterial 
pCOg to a lower level. Unfortunately the lack of 
blood or alveolar air samples precludes any definite 
conclusion on his lowered threshold, although it 
is interesting to note that Hinshaw et al. (1943  ̂

say that the severity of symptoms is not directly 
related to the degree of hypocapnia.

The occurrence of delta waves in the E.E. G. 
of the subject who lost consciousness is in accord 
with the findings of the other workers. Hyper­
ventilation is accompanied by slowing of the 
electroencephalogram (Engel, Komano, Perris, Webb & 
Stevens 1944# Dalthe 1953# Brent, Powell & Scott 
1957) This slowing is directly correlated with the 
lowering of the level of consciousness (Engel,
Perris, Stevens, Dogan & Webb 194^) 
cerebral anoxia. The cerebral anoxia is not only 
due to the diminished cerebral blood flow but also dJo 
the fact that cerebral metabolism is increased during 
active hyperventilation (Kety & Schmidt 1946). Delta 
activity (l-J c.p.s., ^O-pO^uI/) is the end result 
of this anoxaemia and represents maximal slowing of



the E.E.G. It is not characteristic of hyper­

ventilation but occurs in severe anoxia of any 

cause and is normality associated with loss of 

consciousness. Its occurrence during positive 

acceleration has already been described (Part I 

chapter VII).

It has been shown that hyperventilation is 

extremely dangerous in flight both on its own 

account and because it lowers tolerance to positive 

acceleration. In the modern high speed 

aircraft oxygen is breathed as a routine regardless 

of the operating altitude, and it would appear that 

the dangers of hyperventilation could be averted 

by the addition of small quantities of carbon 

dioxide to the oxygen breathed. The benefits 

of this procedure however would require to be 

weighed against its disadvantages, the main one of 

which would be the lowering of the altitude at 
which pressure breathing becomes necessary.



C on clusions

Overbreathing is a common occurence in flight 

and is potentially dangerous. When it occurs 

in conjunction with positive acceleration there 

is summation of effect and tolerance to acceleration 

is lowered. This is due to the fact that both 

stresses diminish the cerebral blood flow. It 

may be that small quantities of carbon dioxide 

added to the inspired oxygen should be beneficial. 

Summary.

In six subjects hyperventilation caused a 

worsening of the visual symptoms caused by a given 

acceleration. This indicates a lowering of 

tolerance to acceleration. One subject lost con­

sciousness following two minutes voluntary over­

breathing culminating in a centrifuge run of 3.4 g.



CHAPTER IX 

Multiple stress summation 

In the preceeding chapters it has been shown 

that the various flight stresses used experimentally 

have all lowered tolerance to acceleration. In 

this final set of experiments the aim was to examine 

the effects of these stresses in combination and 

determine if further summation of effect would occur. 

So far the basic stress used has been positive 

acceleration. In this experiment another standard 

stress was used in addition. The choice of the 

other basic stress was determined by its frequency 

of occurrence in the air. Hyperventilation was 

the obvious choice.

Both hyperventilation and positive acceleration 

lower the blood supply to the brain and their 

effects summate (Chapter VIII). It has also been 

shown that the effect of hyperventilation alone is 

potentiated by a low blood sugar (Engel et al. 1944, 

1946, Palthe 1953). Similarly it has been shown 
that hypoglycaemia aggravates the symptoms due to 

positive acceleration (Chapter IV).



It appears likely that these three stresses 

might provide a potent combination. The pos­

sibility of a combination of these three factors 

being the underlying cause of many aircraft ac­

cidents has been pointed out by Powell (1956,195')), 

who suggested a diagnosis of ” physiological 

unconsciousness” for these cases of medically fit 

aircrew who lost consciousness while^lying.

Prom an analysis of operative factors (Table II), 

he suggested the following five factors were 

incriminated and that combinations of them might be 

the cause of accidents due to loss of consciousness.

a) Previous or concommitant positive acceler­
ation.

b) Hypoglycaemia

c) Hyperventilation

d) Anger or anxiety.

e) Early slow E.E.G. activity with 
hyperventilati on.

However he was unable to produce the condition 

experimentally under laboratory conditions.



More recent work from Canada (Brent et al*1957) 

has established this concept more clearly. These 

authors studied twenty one healthy aircrew 

subjects and found fourteen showed early slow 

E.E.G. activity while fasting, two showed similar 

changes while under 3g and eleven of the above 

fourteen showed greater slowing with shorter 

periods of hyperventilation while under 3g. Of 

these eleven, three lost consciousness, of whom 

two manifested major convulsions. The body of 

evidence suggests that these three factors are 

particularly potent. The first part of the 

present experiment was an attempt to establish 

the validity of the above theory and work.

In the author's view there was no reason why 

the other factors already examined should not also 

act synergist!cally. The effect of heat, as 

already pointed out, is to cause a loss of 

effective circulating blood volume and would 

therefore be expected to diminish further the 

tolerance to g when in combination with hypervent­

ilation,
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Similarly although the mode of action of alcohol 

is not clearly understood it also lowers the 

tolerance to g and might well be more potent when 

associated with hyperventilation. An attempt 

to study these factors was also made and formed 

the second part of this study.

Methods & Materials

The same subjects were used as in all the 

other experiments of this series with the exception 

of G-.H.B. The latter subject was excluded as 

it had been demonstrated (Chapter VIII) that he 

lost consciousness with the combination of g and 

hyperventilation alone. Five subjects part­

icipated in the present series.

The form of centrifuge run was the same as

used for the study of hyperventilation alone.

Having previously determined the level of g at

which the subject had minimal visual signs, all

future runs were made at that level. The

centrifuge was accelerated to the determined peak g

maintained there for fifteen sec. and decelerated to 
rest.



The subject commenced voluntary overbreathing ; 

one and a half minutes later the centrifuge run 

was started. Hyperventilation was continued 

throughout the run if the subject was able.

(a) Hypoglycaemia

The hypoglycaemia was again induced by 
soluble insulin. It was decided that a

very slight fall in blood sugar was desirable.

This was partly because the condition should be

similar to the fasting state, but largely because

it was felt that it was the fall in blood sugar

which was important rather than the absolute value.

The dose used was 2 units of sol uble Insulin given

intravenously. The runs were carried out twenty

minutes after the injection to minimise any chance

that a reaction might occur during the run.

(b) Heat

When th e  su b je c t  a t ta in e d  a mouth tem perature  

o f  101° F. a combined h y p e r v e n t ila t io n  run was 

c a r r ie d  o u t.



Unfortunately only one result was obtained since 

the other subjects had reached the limits of 

tolerance with g alone.

(c) Alcohol.

Two and a quarter hours after having consumed 

114 ml. of whisky the subjects carried out a g 

run with hyperventilation as described above.

In all cases a control run was carried out 

before the experimental procedure. The E.E.G. 

was recorded from bipolar occipital electrodes 

throughout the runs.

Results

In each case the effect of g alone is compared 

with g plus two minuted hyperventilation and then 

with the results of the three factors together.



(a) HypcqlYcaemla

Table 25

The effect of 2 units of intravenous soluable 

insulin on the visual symptoms produced by g and 

2 min «hyperventllation„G.O. - greyout B.O. r 

blackout N.V.S. r no visual symptoms.

Subject g alone g * 2 min H.V. £♦ 2 mins H.V.
+ 2 units insulin 
intravenously

P.G.

N.L.A.

M.K.B.

J.C.G.

F.L.

N.V.S.

veiling

N.V.S.

veiling

veiling

mild GO 

severe GO 

mild GO 

mild GO 

severe GO

unconscious 

unconsclous 

unconscious 

unconscious 

unconscious

As will be seen from table 23 the effect of g 

and hyperventilation when hypoglycaemia has been 

produced by insulin is unconsciousness in all subjects 

Three of the subjects exhibited major convulsions 

(P.G., M.K.B., F.L.) and one other (N.L.A.) 

twitching of the arms. The E.E.G. showed the 

development of slow large amplitude waves (1-3 c.p.s.
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70-4]59̂ V) when consciousness was lost in three subjects; 

the E.E.G. s of the other two subjects were valueless 

as the amplifiers blocked due to the convulsions.

The best record is shown in fig.87.

(b) Heat.

Only one subject (P.L.) felt able to attempt 

a combined hyperventilation and g run when his 

mouth temperature was 101° P. He lost 

consciousness as soon as peak gfo.ig) was reached 

and had a major convulsion during which the E.E.G. 

electrodes became detached and no record was obtained.
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(c) Alcohol.

T a b le  24

The effect of combined g and hyperventilation 

in subjects who had ingested 114. ml. of whisky 

hours before the run.

Subject g alone g + 2 min.H.V.
g + whisky 
+ 2 min H.V.

P.G.

n .l .a .

M.K.B. 

J. C* G.

P.L.

N.V.S.

veiling

N.V.S.

veiling

veiling

mild GO 

severe GO 

mild GO 

mild GO 

severe GO

unconscious 

unconscious 

unconscious 

unconscious 

unconsci ous

It may be seen from table 24 that whereas 

hyperventilation alone caused mild aggravation of 

visual symptoms, the same procedure two and a 

half hours after the ingestion of 114. ml.of 

whisky resulted in loss of consciousness in all 

subjects.

The E.E.Gs in this series also showed delta 

activity which was associated with loss of: ‘ 

consciousness.(Pig. 28).



‘ -a Major convulsions occurred in two subjects 

(P.G., M.K.B.) and minor twitching in another two 

(N.L.A., F.L.). The fifth subject (J.C.G.) 

showed no evidence of increased muscular activity. 

J.C.G. has never had jactitations under g and on 

the occasions when he lost consciousness he became 

limp and completely relaxed. There is no difference 

between his resting E.E.G. and those of the other 

subjects, nor is there any difference in response 

to overbreathing. There is therefore no obvious 

reason why this subject should react differently to 

the others.

Discussion

The results obtained by combining hyperventil­

ation, hypoglycaemia and g in the present experiment 

confirm the theories of Powell (1956) and Brent, 

Powell and Taylor (1957). However, Powell was 

unable to reproduce the effects in normal people 

under laboratory conditions, while Brent obtained 

unconsciousness in three out of eleven subjects 

who showed abnormal slowing of th^S.E.G. with 

hyperventilation alone.



In this series none of the subjects showed abnormal 

slowing of the E.E.G, with hyperventilation alone 

but all five subjects lost consciousness u#der 

the additional stimulus of g. Brent produced 

hypoglycaemla by fasting his dubjects and also by 

carrying out runs during the period of rebound 

hypoglycaemla produced by giving a fasting subject 

a glucose feed. It seems likely that the difference 

in response was due to the use of insulin to produce 

hypoglycaemla in the present experiment. Although 

the dose was extremely small it produces a fall in 

blood sugar as compared to the steady state which 

occurs with fasting. One would have expected the 

results to be more comparable with Brent*s 

subjects who were tested during the rebound 

hypoglycaemla period after a glucose feed.

The result of the one subject who carried out 

the combined hyperventilation, heat and £  run was as 

expected. The subjects were all at their limits 

of tolerance and any additional stimulus such as 

hyperventilation was likely to cause collapse.



This occurred at 3.1 £  in the subject who carried 

out the experiment. His normal threshold of 

unconsciousness Is between 5-5.5 _g.

Prom the third set of results it would appear 

that the combination of alcohol, hyperventilation 

and g is just as potent a combination as that 

suggested by Powell. In this experiment the 

mode of action of alcohol is not clear. It may 

be that the whisky reduces the sensitivity of the 

carotid sinus and so the compensatory mechanisms 

fail to develop. On the other hand it may be 

that the change is at the cellular level and is 

an interference with the normal metabolism of the 

cell.

The only significant changes in the E.E.G. 

were the appearance of large slow waves when 

consciousness was lost. These are not specific, and 

as have been pointed out before they occur with loss 

of consciousness in many people regardless of the 

cause.



Conclusions.

The combination of positive acceleration, 

hyperventilation and either hypoglycaemla, heat or 

ethyl alcohol caused unconsciousness in all subjects 

tested at very low levels of g (3.4 - 3.6). This 

represents a fall in tolerance of about 2g. This 

represents a greater fall than caused by any two 

of the factors alone. It would appear therefore 

that there is a further summation of effect when an 

additional stress is added.

Summary

Wften centrifuge runs were carried out at

3.4 - 3.6 £  after one and a half minutes of 

hyperventilation unconsciousness developed on the 

addition of the following factors:

1. Insulin hypoglycaemla

2. Heating the subject until his mouth temp­
erature was 101°P.

4. The ingestion of 114. ml of whisky two 
and a quarter hr., before the run.

When unconsciousness occurred the E.E.G. showed 

delta rhythm, and several subjects had major or minor 

convulsions.



CHAPTER X.

General discussion and conclusions.

In the second part of this thesis an attempt 

has been made to test the validity of the concept 

of physiological unconsciousness, and to examine 

a larger number of physiological factors which, 

in theory, might be expected to summate with the 

effects of positive acceleration and produce 

changes in consciousness. In most cases the 

presence of an additional stress has diminished 

tolerance to

It has been shown that heat, hypogylcaemia, 

hyperventilation, alcohol administration and an 

empty stomach all lower tolerance to increased 

gravitational force. The results of breathing 

oxygen at atmospheric pressure are not statistically 

significant but there is a possibility that some 

subjects may be susceptible to the toxic effect 

of pure oxygen. In the few experiments when some 

of these individual stresses were combined, summation 

occurred.



The combination of hyperventilation and 

hypoglycaemla resulted in a loss of consciousness 

of all subjects at the low level of 3.4 £  - 3.6 £,

This confirms thqffindings of Palthe (1953) and supports 

those of the investigations at D.R.M.L. The latter 

workers found difficulty in reproducing "Physiological 

unconsciousness" in the laboratory. Only three 

subjects out of twenty one succumbed at 3 g, and these 

subjects showed slow activity in the E.E.G, while 

fasting, and during hyperventilation under g. In 

the present experiments none of the subjects showed 

slowing of the E.E.G. with hypoglycaemla,or 

hyperventilation under g, but all lost consciousness 

when these were combined, This difference in response 

might be due to three factors, viz:-

(a) The runs in this study were 0.5 g higher.

(b) The use of insulin would produce a falling blood
sugar.

(c) The pattern of centrifuge run may have been 
different.



The last factor cannot be compared, as the 

Canadian reports do not state the specifications 

of the runs and as has been shown in Part I 

Ch.IX. variations in the acceleration-time pattern 

can produce changes in tolerance. The done of 

insulin used to produce hypoglycaemla was small 

(2 units of soluble insulin intravenously) and 

the resulting blood sugar level would probably 

be little different to the fasting levels 

(unquoted) of the Canadian workers. However as 

has been pointed out before, the falling blood 

sugar may be more important then the absolute 

level reached, in which case the use of insulin 

would produce a more profound effect than fasting. 

The runs carried out in this experiment were 0.5g 

higher than those at D.R.M.L. which would also 

give a diminished tolerance, although Scott 

(personal communication) reports that their 

results are essentially unchanged using runs of

3.4 g. Thus the results of applying these stresses 

differ only in degree from those of the Canadian 

team, and establish the concept of a "physiological 

uncons ci ousness".



In only one subject was heat and hypervent­

ilation combined. This resulted in loss of 

consciousness at 3.4g. The remaining subjects 

were at the limits of their endurance with heat 

alone and hyperventilation was not attempted. Al­

though this is a solitary result it seems reasonable 

to postulate excessive heat as a further factor 

which may summate to produce "physiological 

unconsciousness".

When hyperventilation was carried out after 

the ingestion of whisky, unconsciousness again 

occurred at levels of 3.4g-3.6g in all subjects.

Thus the effects of alcohol can also be included 

in those physiological stresses which may summate 

to produce loss of consciousness in flight.

It is well known that tolerance to acceleration 

is higher following a meal, and in this thesis an 

attempt has been made to examine the factors causing 

this change. Two factors have emerged. Firstly 

that hypoglycaemla lowers tolerance to acceleration 

although hyperglycaemia has little effect.



Secondly, the purely mechanical effect of 

stomach distension Increases tolerance by 

increasing intra-abdominal pressure and in the 

author*s view, by preventing descent of the heart 

during g. The effect of missing a meal is there­

fore of importance as both the above factors will 

be operative. The advice given by Lawton (1953) 

and Palthe (1953) that pilots should not miss meals 

and fly on an empty stomach, although based on 

observations on hypoglycaemia alone, is especially 

true in view of the effect of g, and absence of 

protection afforded by a full stomach. It was not 

possible to combine these stresses with hyper­

ventilation in this series of experiments but on 

theoretical grounds It is to be expected that 

summation of effect will occur.

This series of experiments has shown that 

tolerances to positive acceleration can be dimin­

ished by a variety of physiological concitions 

which may occur in flight. These factors may 

summate and result in loss of consciousness at low 

levels of £ m



It is considered probable that many cases of 

episodic unconsciousness in flight can be explained 

on this basis without recourse to obscure path­

ological and psychological causations. The concept 

of "physiological unconsciousness" suggested by 

Powell (1956) has been confirmed and amplified 

by these experiments. As originally described, 

the aetiological factors were g, hypoglycaemla, 

hyperventilation, and fear or aniiety occuring in 

an individual who showed early slow activity 

in the E.E.G., with overbreathing. Prom the results 

described above it is believed by the author that 

these criteria are too circumscribed, and that the 

concept should be based on a broader physiological 

foundation. I would suggest that "physiological 

unconsciousness" is a loss of consciousness occuring 

in flight due to the summation of a number of 

physiological stresses each of which is, in Itself, 

inadequate to produce ouch an effect. These stresses 

may be any Physiological conditions which reduces 

circulating blood volume, arterial blood pressure at 

head level or cerebral blood flow, or reduces the 

substrate supply to the brain itself.



CHAPTER XI 

Summary

The first part of this thesis consists of a 

general consideration of the physiological effects 

of acceleration. The means of determining human 

tolerance to this force is by means of threshold 

determinations. These are discussed in relation 

to the mechanical variables involved: strength,

duration and rate of application of g . The changes 

in pulse rate, blood pressure, the electrocardiogram 

vectorcardiogram and electroencephalogram, have all 

been analysed and compared with the results of 

previous investigators. It was found that the pulse 

rate varied directly with g while the blood pressure 

bears a reciprocal relationship to g. The changes 

in pulse rate closely followed changes in blood 

pressure, and both depended not only on the peak g 

but also on the rate with which it is applied.
There were no characteristic changes in the 

electrocardiogram, the electrical axis shows a clock­

wise rotation which is partly positional and may also



be related to increased autonomic activity. There 

was only one arrhythmia in g series of two thousand 

runs, this occurred at 8.0 g. and reverted spont­

aneously to sinus rhythm on returning to 1.0 g. No 

evidence of myocardial ischaemia was obtained from 

any of the records. The vectorcardiogram shows 

instantaneously any changes in the electrical 

axis of the heart but otherwise gives no additional 

information to that obtained from the E.C.G.

There are no characteristic changes in the 

electroencephalogram during positive acceleration. 

During the early part of the runs there is a fall 

in the amplitude of the alpha rhythm which reverts 

to normal after five to ten seconds. Greyout and 

blackout occur without any corresponding change 

in electrical activity. The onset of unconscious­

ness however is accompanied by the appearance of slow, 

large amplitude waves. Most subjects exhibit 

convulsions of a major or minor type when conscious­

ness is lost. These similarly are not accompanied 

by any E.E.G. changes apart from the dslta activity 

found with unconsciousness.



The optimal conditions for threshold deter­

mination are outlined and a method is described 

which fulfils these conditions. The method depends 

on loss of central vision by the dark adapted eye 

and is accurately repeatable. The value of g at 

which the end point occurs can be varied at will, 

the upper limit being the level of absolute black­

out. The variables are capable of precise spec­

ification. The type of g run used is based on the 

results obtained in the earlier part of .this study 

and allows cardiac compensation to develop as the 

g increases.

The second half of the thesis is an investigation 

into stress summation in flight. It was thought 

that many other factors might operate to produce a 

diminished tolerance to acceleration, and even to 

lead to loss of consciousness. The results of these 

experiments are summarised be low.H



The application of heat lowers the subjects* 

tolerance to g. There is a large subject 

variation which is prdably allied to their 

emotional state.

Breathing pure oxygen at atmospheric pressure 

produces a variable effect. There is some 

evidence that there may be an individual 

susceptability to the effects of oxygen: 

susceptable subjects showing a fall in 

threshold.

Hyperglycaemia does not significantly alter 

tolerance to g.

Insulin hypoglycaemla lowers tolerance to g. 

although during the ‘reaction phase* the 

tolerance rises again probably due to endogenous 

production of adrenaline.

An empty stomach is associated with a low g 

tolerance and distending the stomach results 

in a rise in tolerance. This is only partly 

due to raised intra-abdominal pressure, and it



ii postulated that the distended stomach by 

supporting the diaphragm prevents descent of the 

heart during g and so affords some protection.

6) Tolerance to g is diminished after the ingestion 

of whisky. The mechanism of this fall has

not been established.

7) Hyperventilation lowers g tolerance and 

resulted in unconsciousness in one subject.

8) The combination of g and hyperventilation 

in subjects who were hypoglycaemic resulted 

in loss of consciousness at levels of 3.4

g - 3.6 g. In one subject who was hot 

(mouth temperature 101° P)f g. plus hypervent­

ilation resulted in unconsciousness at 3.4 g 

- 3,6 g. After the ingestion of 114. ml. 

of whisky all subjects lost consciousness at

3,4 g, - 3,6 g, while hyperventilating.

Th© relation of these results to the concept 

©£ "phyiiologloal unconsciousness", or episodic 

up@@n.iei©uin©ii in flight, is discussed.
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APPENDIX

Method o f  t r i g g e r i n g  used to. obtain v e c to r c a r d io g r a -  
ms in m id -ex p ira t ion ________________________

The genera l  l a y - o u t  o f  the c i t c u i t  used i s  

shown in f ig *  2.9. The p o t e n t i a l s  a r i s in g  in the  

var iou s  e l e c t r o d e s  are l e d  in to  the A.C. p ream p l i f i ­

e r s ,  frorn which the a m pl i f ied  s i g n a l s  are s p l i t ,  one 

s e t  going to the C.R.O, the other s e t  going to the  

f i n a l  pen a m p l i f i e r s  and being d isp la yed  on the in k -  

w r i t i n g  recorder .  The p o t e n t i a l  a r i s i n g  from Vl i s  

dupl ica ted  in  the A.C. p r e a m p l i f ier s  and i s  padded 

through the f i n a l  pen a m p l i f ie r s  to the t r i g g e r i n g  

c i r c u i t .

The t r i g g e r i n g  c i t c u i t  i s  an arrangement o f  

r e l a y s  by means o f  which the br ig h tn ess  o f  the C.R.O 

spot can be adjusted .  Normally the spot  i s  blanked 

ou t ,  at the s e t  time the spot i s  switched on fo r  a 

per iod  s u f f i c i e n t l y  long to'-allow one V.C.G-, to be 

photographed.

The timing o f  the c i r c u i t s  can be seen from 

f i g .  3 0 . The s ig n a l  ffom le a d  V . l  i s  l e a d  in to  t h i s  

c i r c u i t  but i s  blocked at the " delay 11 t r i g g e r  s t a g e .  

This block i s  c o n t r o l l e d  by a push button* ./hen the  

button i s  pushed i t  completes the c i r c u i t  and a l low s



o perat ion  o f  the  t r i g g e r .  Following the  pushing o f  

the  button,  the next R wave s t im u la te s  the delay 
t r i g g e r  to produce a square wave, whose duration (x)  

can be c o n t r o l l e d .  This wave operates  the b r ig h t—up 

t r i g g e r  which in turn produces a pu lse  o f  duration  

which can a l s o  be v a r ie d .  The r e l a t i o n s  o f  these  

three  p u l se s  can be seen in f i g .  3 0 ( H ) ,  This pu lse  

produced by the br ight-up  t r ig g e r  switchest  on the  

spot  on the C.R.O. and a l low s i t  to be photographed.  

The r e s u l t  i s  shown in f i g .  3 0 ( 1 1 1 ) .  Y/hen the push 

button i s  p ressed  the second P^RST i s  d isp layed  on 

the C.R.O. and photographed. The v a r ia b le  times  

(X & Y) o f  the  tifo t r i g g e r s  a l low compensations to 

be made fo r  changes in the pu lse  r a t e .  Thus adjustm­

e n ts  o f  X determines which o f  the succeeding comple­

x es  i s  d i s p la yed  and a l so  al lows compensation for  

r a t e .  The adjustment o f  Y a l lows only one complex o f  

part o f  one complex to he s e l e c t e d .

The vectorcardiograms must always be obtained  

at  the same phase o f  r e s p i r a t i o n .  In t h i s  p a r t i c u la r  

experiment i t  was decided that  the record ing  should 

be made in a p o s i t i o n  mid way between f u l l  i n s p i r a t ­

ion and f u l l  experation in order that  the V.C.G-. 

obtained would represent  the h e a r t ’ s p o s i t i o n  when
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the  diaphragm was in i t s  mean p o s i t i o n .  The V.G.G-. 

was th e r e fo r e  t r ig g e r e d  from the r e sp ir a to r y  t r a c e .  

This was done manually by means o f  the push button  

descr ib ed  above. A r e sp ir a to r y  record was obta ined  

from a thermocouple on the n o s t r i l .  The best  d e l i n ­

eated  point  in  the record was the peak o f  in s p i r a t i o n  

which was an upward p o in t in g  sp ik e .  'When t h i s  sp ike  

occurred,  the  recofcder pressed  the push button and the  

next  but one PĈ RST was photographed. This was found 

to  correspond to  m id-exp ira t ion  in the  m ajority  o f  

c a s e s .
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PART I I  : THE EPPECTS OP OTHER PHYSIOLOGICAL
STRESSES ON MAN«S TOLERANCE TO INCREASED 
GRAVITATIONAL PORCE.

PIGURE 1 A ir c r a f t  tem p eratu re  a t  ground l e v e l  on
a sunny day in  th e  M iddle E a s t .

2 A ir c r a f t  tem p era tu res a t  v a r io u s  sp ee d s
and h e ig h t s .

PLATE 1 S u b jec t in stru m en ted  f o r  b e a t run .
I I  S u b jec t in  p o ly th en e  o v e r a l l  f o r

h ea t run
I I I  P in a l  c lo t h in g  assem b ly  fo r  h ea t

run
PIG. 3 Temperature changes in  th e  gon d ola  w ith

h e a t in g .
4 Changes in  th r e s h o ld  and body tem p erature  

d u rin g  h e a t in g  (GROUP I )
5 Changes in  th r e s h o ld  and body tem p erature  

d u rin g  h e a t in g  (GROUP I I ) .
6 P ercen ta g e  change in  th r e s h o ld  w ith  r i s in g  

body tem p era tu re .
7 Apparatus used  fo r  th e  a d m in is tr a t io n  o f  

oxygen or  a i r  during c e n tr ifu g e  ru n s .
@ Changes in  th r e s h o ld  when b r e a th in g  oxygen .
§ Changes in  a r t e r i a l  b lood  p r e ssu r e  a t  eye

l e v e l  w ith  in c r e a s in g  ^ ( O . lg . / s e c ) *
10 P o s i t io n s  o f  e le c t r o d e s  fo r  r e c o r d in g  eye  

m ovements.
11 Eye movements d u rin g  a c e n tr ifu g e  run 

r e s u l t in g  in  b la c k o u t .
12 H istogram  o f  b la ck o u t th r e s h o ld s  b r e a th in g  

a i r  and b r e a th in g  oxygen .
13 H istogram  show ing u n co n sc io u s th r e s h o ld s  

b r e a th in g  a i r  and b r e a th in g  oxygen .



FIGURE 14 A r t e r ia l  b lo o d  p r e ssu r e  a t  h e a r t  l e v e l  d u r in g  £ •
15 Mean p u lse  r a te  changes d u rin g  £  b r e a th in g  a i r  and 

b r e a th in g  oxygen .
16 Record o f  a  run to  8 .0  £  b r e a th in g  a i r .
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18 The e f f e c t  o f  in tr a v e n o u s  in s u l in  on th e  th r e s h o ld

and b lo o d  su g a r .
19 Changes in  th r e s h o ld  a f t e r  in s u l in  and a g lu c o se  

m eal.
20 P u lse  r a te  changes fo l lo w in g  in tr a v e n o u s  i n s u l i n .
31 Diagram o f  c o n n e c tio n s  from su b je c t  t o  o s c i l lo s c o p e

f o r  v e c to r c a r d io g r a p h y .
22 Changes in  th r e s h o ld  w ith  in g e s t io n  o f  w a te r .
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PLATE I D raw in g  o f  t h e  human c e n t r i f u g e  i n s t a l l e d  i n  

t h e  C h a r it e  H o s p i t a l ,  B e r l i n ,  a t  t h e  B e g in n in g  

o f  t h e  n i n e t e e n t h  c e n tu r y  ( a f t e r  Horn 1 8 1 8 ) .

I t  w i l l  "be s e e n  t h a t  t h e  p a t i e n t  s u s t a in e d  

n e g a t iv e  g  i n  t h i s  m a c h in e .



PLATS I I . The re c o rd in g  room a t ta c h e d  to  the  human c e n t r i f u g e  a t

Fam borough. The twelve channel Ediswan re c o rd e r  can 

be seen in  th e  l e f t  background and th e  d i s t r i b u t i o n  

board in  the  l e f t  fo reg round .



PLATE I I I .  The C ontro l room of th e  human c e n t r i f u g e .  This room 

overlooks th e  c e n t r i f u g e  chamber. The c e n t r i f u g e  can 

be seen in  th e  ce n tre  background.



PLATS XV. The a u to m a t ic  c o n t r o l  u n i t  f o r  t h e  human

c e n t r i f u g e .  A 1 5 g  cam 1b i n  p o s i t i o n .  The 

a u to m a t ic  t im e r  can h e  s e e n  i n  t h e  l e f t  

fo r e g r o u n d .



PLATE V (a  & b) F a c ia l  d i s t o r t i o n  produced b̂
(a) S u b je c t  a t  r e s t
(b) S u b jec t  a t  4 .0  g



(b)

PLATE V (b)



PLATE R etin a l changes w ith g 
(&) Normal fundus

(b) Appearance of fundus a t  
Note the  empty a r t e r i e s *

f

aekout.
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F ig .  2. Schematic cut-away drawing o f  a gondola showing

the  p o s i t i o n  o f  th e  se a t  which is  raked 20° 
to  th e  v e r t i c a l .



m .c .l .

A . A . L  /

F ig . 3(a) The p o s it io n s  o f the un ipolar chest e le c tr o d e s .  
M.C.L. -  m id -c la v icu la r  l in e

A.A.L. -  a n ter io r  a x il la r y  lin e
M.A.L. -  m id -a x illa ry  l in e



F ig .  3(L) Subjec t w ith  e le c t ro d e s  i n  p o s i t i o n  

p r i o r  to  a run.
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D I S O R I E N T A T I O N

A N D

C O N F U S I O N

U N C O N S C I O U S N E S S

BLACKOUT^
G R E Y O U T

F ig .  5. The v i s u a l  changes due to  p o s i t i v e  a c c e l e r a t i o n  
a re  shown in  r e l a t i o n  to  th e  normal fnanoevVe 
which causes them.



.CHIASMA

LATERAL
GENICULATE

BODY

.OCCIPITAL
CORTEX

F ig . 6. Diagrammatic rep resen ta tion  of the v isu a l pathway.
F ibres from medial h a lf  o f the re tin a  decussate in  the 
o p tic  chiasma to jo in  w ith those from the la te r a l  
sid e  of the opposite eye. The t r a c t s  run back to  the  
la te r a l  gen icu la te  body o f the same sid e where they  
re la y , the second stage neurones t r a v e l l in g  v ia  the 
retro len tiform  part o f the in tern a l capsule to  reach 
the o c c ip ita l  cortex .



RETINA RETINA

CHIASMA

\

SUPERIOR COLLICULUS

ATERAL GENICULATE 
BODY

PRETECTAL NUCLEUS 

EDINGER-WESTPHAL NUCLEUS 

RED NUCLEUS

SUBSTANTIA NIGRA

TO 
CILIARY GANGLION

F ig .  7 . Diagrammatic r e p r e s e n ta t io n  of  th e  p a th  of th e  f i b r e s  
su b se rv in g  th e  l i g h t  r e f l e x .  The f i b r e s  pass  back in  
th e  o p t ic  t r a c t ,  p a s s in g  medial to  th e  l a t e r a l  
g e n ic u la te  body w ithout synapsing  u n t i l  th ey  reach  th e  
p r e t e c t a l  nucleus  from which th e  2nd s tag e  neurones 
pass to  th e  Edinger-W estphal n u c leu s .



F ig .  8 . Diagram showing th e  nervous connections  in  th e  r e t i n a  

of th e  nerves  s e rv in g  v i s io n  and th e  l i g h t  r e f l e x  

( a f t e r  Lewis and Duane 1956).
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F ig . 10 . Graph showing th e  change in  "blood p re s s u re  a t  eye le v e l  
and p u lse  r a t e  d u r in g  a c e n t r i fu g e  run to  4 .4  
’G-O* r e p re s e n ts  th e  p o in t  a t  which grey-out occurred .
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HEART

F ig .  12. The p a t t e r n s  o b ta in ed  from var io u s  su r fa c e s  of the  
h e a r t  u s in g  u n ip o la r  l e a d s .  This diagram shows th e  
use o f  small and c a p i t a l  l e t t e r s  in  l a b e l l i n g  the  
complexes. (A f te r  G oldberger 1953).
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g ig .  13* Changes in  the electrocardiogram  under g. Note 
e s p e c ia lly  the changes in  the amplitude of QRS 
in  lead s I and AW, the large <4 waves in  leads I I ,  
I I I  and AW, and the changes in  the T wave in  the 
chest le a d s .
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F ig . 14. Changes in  the electrocardiogram  during deep 
r e sp ira tio n .
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F ig .  15. A t r a c i n g  of a reco rd  of r e s p i r a t i o n  du ring  

g measured from a p re s s u re  ta p p in g  in  an 

oxygen mask.
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F ig . 16 . Graph showing change in  pu lse rate when i s  

app lied  at 0 .1  _g/sec.
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IT . Graph of in c re a s e  in  p u lse  r a te  w ith  Derived from the  
r e s u l t s  o f  125 runs .  The equation  i s  Y = 6 .3 69 + 5.O875 
(x -  O.96I 8 ) and th e  c o e f f i c i e n t  h = 5*0875 (SE = ± 0 . 34)
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F ig . 18 . Graph showing changes in  blood, pressure at eye le v e l
u sin g  a rate o f a p p lica tio n  of a cce lera tio n  of 0 .1  _g/sec. 
The change in  pu lse rate can be seen  from thep lot o f the 
R-R in te r v a l obtained from the E.C.G.
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F ig .  20, Changes in  the  e lec tro ca rd io g ram  o cc u r r in g  v&en a 

s u b je c t  i s  t i l t e d  from th e  h o r iz o n ta l  to  75°« 
Compare w ith  f i g .  13.
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F ig .  21. The p o la r i t i e s  which are conventionally  ascribed  
to  the leads in  vectorcardiography and in  the 
derivation  of the e l e c t r i c a l  a x is .
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F ig . 22. Comparison of derived and d irect  vectorcardiograms 
"before and during 3.0
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F ig .  24(a) to 24 (b ) . Changes in  the manifest instantaneous
e l e c t r ic a l  a x is  of the heart with 
increasin g  g.
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F ig .  £ 5 - The e l e c t r o  encephalogram during p o s i t i v e  a c c e le r a t io n .
The upper t r a c e  i s  taken  w ith  the  c e n t r i fu g e  a t  r e n t .  
The lower t r a c e  i s  a t  3 .6  g« The d im inished  a lpha-  
rhythm which occurs a t  peak g can be e a s i l y  seen. .



Fi
g.

 
26

. 
A

cc
el

er
at

io
n 

- 
tim

e 
re

la
ti

on
sh

ip
 

of 
th

re
sh

ol
d



E N D - P O I N T . L O S S  O F  P E R I P H E R A L  V I S I O N . ^ G R E Y - O U T *

L O S S ( O R  IM PAIRM EN T)  O F  C E N T R A L  V I S I O N . - " B L A C K - O U T . "  

D U R A T I O N  O F  L O S S  A N D  T I M E  O F  O C C U R R E N C E .

S I G N A L - L I G H T S . A R R A N G E M E N T . -  VISUAL A N G L E  SU BTE N D ED .

-  H E I G H T  R E L A T I V E  T O  E V E  L E V E L .  

L A M P S .  -  S IZ E .

-  C O L O U R .

-  I N T E N S I T Y .

B A C K G R O U N D , -  U N IF O RM IT Y .

-  I L L U M I N A T I O N .

A M B I E N T  U N I FO RM IT Y .
IL LU M INAT IO N.

B R I G H T N E S S .

C O L O U R .

L I G H T S  IN G O N D O L A .  

L I G H T S  IN R O O M .

T Y P E  O F  R U N . RAT E O F  A P P L I C A T I O N  O F  *q*.

M A X I M U M  T I M E  A T  PEAK.

I N T E R V A L  B E T W E E N  S U C C E S S I V E  R U N S .

S U B J E C T . P O S I T I O N  O F  L I M B S  A N D  BODY.

D E G R E E  O F  A C T I V I T Y .  -  V E R B A L  R E P O R T I N G .

-  M A N U A L  S I G N A L S  .

F ig .  27. The v a r i a b le s  which should he c o n t ro l le d  in  any 
a c c e le r a t io n  experim ent, and should he d escr ibed  

in  any communication on a c c e le r a t io n  re se a rc h .  
(Howard 1957).
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F ig .  28. C h aracter is t ics  of the type 6 R.A.F. infrared  

f i l t e r  used in  the technique of threshold  

measurement.
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F ig .  29. Diagrammatic representation  of the apparatus in  the 
gondola when used for  threshold  determination.
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T Y P E  O F  R UN .

S U BJECT .

B L A C K  O U T .

W H E N  F I R S T  O C C U R S .

C E N T R A L  S U B T E N D I N G  ~  1-5 M I N S .  O F  A R C .

AT E Y E  L E V E L .

L A M P S  -------3 / 1 6 "  DIA

 RE D —  7 8 0 m p

  0 - 5  L O G  U N I T S  A B O V E  A B S O L U T E

V I SU A L  T H R E S H O L D .  

B A C K G R O U N D  - E M P T Y -  B L A C K .

C E N T R I F U G E  C H A M B E R  IN D A R K N E S S .

C A R  L I T  BY 2 5  W. 2 S O V .  R E D  L I G H T  T H R O U G H  

A P E R T U R E S  2  S Q U A R E  P R O J E C T E D  O N  T O

S U B J E C T S  HEA D.

O  l g / S E C -  L I N E A R  F R O M  J 2 q  W I T H  N O  P L A T E A U .

3  M I N S .  B E T W E E N  R U N S  T O  A L L O W  P U L S E  T O

F A L L  T O  N O R M A L  V A L U E .

S E A T E D  IN C H A I R  R A K E D  2 0 ° ,  K N E E S  B E N T ,  

H A N D S  O N  LAP.

S U B J E C T  R E L A X E D ,  S I L E N T .  O N L Y  S I G N A L  B E I N G  

P U S H  B U T T O N  T O  S I G N A L  E N D  O F  R U N .

F ig .  30. A statement o f  the variab les  in  the method of 
threshold determination, la id  out in  the 
scheme suggested by Howard ( l 957)•
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PW:, 1 , Graph shoving the  r i s e  in  cabin tem perature
of c Canberra a i r c r a f t  s tand ing  on the termsc 
on a sunny day a t  Khartoum,
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P late  I .  Subject instrumented fo r  heat run.



P la te  I I . Subject f o r  beat run c lad  in  polythene o v e ra l l  
and boo ts ,  with rubber g loves. This assembly 
which i s  t i g h t  f i t t i n g  a t  th e  neck 
e f f e c t iv e l y  p reven ts  evapora tion  o f  sweat 
from the  m a jo r ity  o f  the  body su r fa c e .



P la te  I I I . Subject f o r  heat run. The f i n a l  s tag e  of th e  
c lo th in g  assembly i s  a type H e l e c t r i c a l l y  
hea ted  s u i t ,  f ly in g  g a u n t le ts  and sheepskin 
l in e d  f ly in g  boots .
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o pera tion .



3
-5

'N lw /9 1 V 3 0 - 3 .L V t i  3 S “in d  

O Q o O O °

£ oNA mp\aiOHS3«Hl^J « 1 ?
H V d/o 3 « n iV « 3 d J N 3 i. H in O W

NIW / 8 i y 3 9 - 3 1 V t i  3 S i n d

^  o ,  c i i o h s 3U h i °

h v j /»  -  3 a n iv a 3 d ^ 3 J .  M in o w

Niw/siv30-3iva ssnnd
ofO o(N o

o>—T-
o<0

in
cn

(D

2
9  '9  01OHS3dHl9
19 ' 1 ̂ r-r ►
8 S

'MVd/o - 3aniv«3dW3i Hinow

o
in

2 Z
2 2 n i

Hi
O 5
° * P
O

co
o

0 
-P 0 fn 01
o) o i  
o i o 
r—i fn
d o ft
'd >h
£  O  r H  0 r0 d 03 ft ~ ® 
d  fH
r H  , 0
O  -4-3 
rd01-01 0 © CD
fH d fH rd -H -P rH CO 

-P-  d  d ® 0 0 
fn -p co d ft 0 -P d fn 0 fn ft fn fn <1> 0 0 fH 
ft -p S d a) ® -h d

- p  - H

®rd+=
0
-P0
fH

0
01

ba
d•H

- P

,d ©+3 fn fn
d d g>
0  - p  £S cd o

ft rHft 0
O f t ®  a rd
01 ©  - p
rd +3ft - fH0 0 0©
fn d -p rd

O H a) d
I—I ^ ^

taDl

• rd
H  - H

0 0 
01 +3rM' 0
d fHft 0 
I 01

ft o d to o
fncd •

©  0  da ® ft 
• H  fn 
+3 0  ©

. rd •p  d  -p co © d rd fn ■h o © 
d. -p ft

5  §•

f t0
01 

- po
0

dCO 0

taC
• H



’Niw/sjLVig-Biva 3S“indo 2 ° ° I — *0 oo f*»
s  n o  ids n o o n  n

UT

'■9 O lO H S ld H r
ufm

00
O 'Oo

'HV̂ e-3aaiVd3dW31 Hinow
NlkN/siV39-31Va 3S30d
O

in QTOHSBdKinj
; O  O '  00! O O' O'
HV3/0 -3am va3diN 3i Hinow

O'

Oo-
OXJ

O
in

O
0 *. m uJ50 P01

Nlw/s±V39-31Va 3Sind
* _  ^  ^ r\ r\

£  9  CnOHS3HHl

O'

3dniva3crj3i hidow

O T
1*1 u(

°04 P

0 P - p
p 0 P

•H P 0
1—1 P 0

P P
0
P

•H 0 P i
rH r P 0 P
O 0 P 0
0 4 3 P

v—/ P P P
P 0 P

0 0 P
fH ro P ©
P 0 4 3

H> P 0 P
P 0 +3 P
fH •— ' P
0 P 0
P i 0 0
a += 0 1—1
0 P CO P

- p P r H P i
P

, P 0 P i 0
- P 0 - P
P 1—1 0 - P
0 S3 r P
S P i  - P 0

P
P

<+H <H •H
O P

P
O 1—1

0 0 p
P P 0
P i 0 •H p
cvJ P 1—1 Pr
p •H P

ci> 1—1 P
0 0

P £ r P• 0 O - P
H - P r H
M S< •%

P 0 0
P i P . P 43
P P CH P
O 0 P
P - P

O P • 0
•H 0 0

<H a 1—1
O •H P

P - P P i
0 r H

fclO• P O - P
O P CO p
0 0 P •rH

• n 0 •H 4 3

■§
P

P &
0
0

to +3 P P

•HPi



+ 
25

a n O H S 3 a H l O -Q  NI3DNVHD 39V ±N 3D a3d

X<
£
uiaD
aui
a.
2UJH
X»-
o2

VO

e5>
•H

Gr
ap

h 
sh

ow
in

g 
th

e 
pe

rc
en

ta
ge

 
ch

an
ge

 
in 

th
e 

le
ve

l 
of 

ce
n

tr
al

 
li

gh
t 

lo
ss

 
wi

th
 

in
cr

ea
si

ng
 

te
m

pe
ra

tu
re

.



H<<

O O O £

1/1 «•* a  cr
UJ llJ
= S
a  °
% u  2  tu
< cc
uj 2  O u a a.
£ *•<D

*in
<

a-

ina
g<_j3O
UJ
a;

Fi
g.

 
7» 

D
ia

gr
am

m
at

ic
 

re
pr

es
en

ta
ti

on
 

of 
th

e 
ar

ra
ng

em
en

t 
of 

th
e 

ap
pa

ra
tu

s 
us

ed
 

to 
st

ud
y 

th
e 

ef
fe

ct
s 

of 
pu

re
 

ox
yg

en
 

on 
to

le
ra

nc
e 

to 
g.



4
0 m <m
O. 0 1 O H S 3 « H l  i n O H D V l Q

Fig . 8 . Graph showing changes in  b lackout th re s h o ld  when the  
“  sub jec ts  change from b r e a th in g  a i r  to  b re a th in g  pure

oxygen.
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Also shown i s  the change in  the R-R in terva l  
measured from the E.C.G.



ELECTRODES FOR 
VERTICAL EYE MOVEMENTS.

ELECTRODES FOR 
HORIZONTAL EYE 
M O V E M E N T S .______

F ig .  10. P o s i t io n s  of e le c tro d e s  f o r  reco rd ing  eye 
movements.
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F ig .  12 . Histogram showing the  blackout th re sh o ld s  o f  seven 
sub jec ts  when b re a th in g  a i r  and oxygen under the 
same cond itions .
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F ig .  13. Histogram showing th e  unconscious th re sh o ld s  of seven 
su b jec ts  when b rea th in g  a i r  and oxygen under the  same 
c o n d it io n s .
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F ig .  14. Sample curves of a r t e r i a l  blood p re s su re  recorded  
from th e  b ra c h ia l  a r te r y  a t  hear t  l e v e l  du ring  
a c c e le r a t io n .
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F ig .  13. Mean p u lse  r a te  changes during  g.
(a) as c a lc u la te d  in  p a r t  I .  (h) in  naval 
d ive rs  b re a th in g  oxygen.



)

 rXs'

L. O C C IP IT A L  E .E .G .

R. O C C IPIT A L E .E .G .

STANDARD LEAD  I .
~Jl y-N-jl .A JU.-'-.JL'' JU' 'V-.-- .n--„L̂_

I LEAD  aV F.

'V 4 / - U  v-~A
— Jp—

LEAD V| '1 i 

R ESPIRA TIO N  -  FLOW

r\-_
t

BLACK O U T

RESPIRATION  -  P R E S S U R E  INDUCED IN MASK.

f--
U N C O N S C IO U S N E S S .

A C C E L E R O M E T E R

5 0 , -  A R TER IA L B L O O D  PR ESSU R E 
AT E Y E  L E V E L .

TIM E . ( lO s c c .  in te rv a ls .

F ie .  16 (a ) .  Record ob ta ined  from a su b jec t  b r e a th in g  a i r  
du r ing  a run to  8,0g, This shows the  only- 
ca rd iac  arrhythm ia which occurred  in  t h i s
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Fig . 17. Changes in  p e r ip h e ra l  v a s c u la r  r e s i s ta n c e  du ring  <g.
The resistance  index i s  an arbitary figure  derived  
by the method of Hayter and Sharpey -  Schafer (1958) .
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■n* 18. The e f fe c t  of the  in travenous  in j e c t i o n  of i n s u l i n
 * ( 0 . 1 5  u n i t s / K g . hody w t.)  on the th re s h o ld  and "blood

sugar. The in d iv id u a l  values  a re  p lo t t e d  as c ro s se s .



Fig. 19. Changes in  g threshold fo llow ing  the intravenous
in jec t io n  of  in s u l in  (0 .15  units/fcg.body w t . ) .  The 
resu lts  o f  s ix  subjects  who received 100q. glucose 
a fter  30 minutes are compared with a subject who 
received in su lin  alone.
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Fig . 20. Shows th e  pu lse  r a t e  response o f  two s u b je c ts
fo llow ing  the  i n j e c t i o n  of  i n s u l i n  (0 .15 u n i t s /k g .  
body wt. in t r a v e n o u s ly ) .



COSSAR DOUBLE BEAM OSCILLOGRAPH.
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SAGITTAL PLANE. FRONTAL PLANE.
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v , ---------------------------------- .d
R = 4 - 7  K

Fig . 21. Diagram showing the  connections from su b jec t  to  the  
o s c i l l i s c o p e .  R.A, — r ig h t  arm. L.A. — l e f t  arm. 
L.L. -  l e f t  l e g .  VL = u n ip o la r  chest le a d .
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Fig. 22. Regression l in e  obtained, by corre la t in g  the quantity  
of water ingested  with the increase in  threshold  
produced. Y = -0 .0 4  + O.485X. b = O.O85 (P = O.Ol)
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g. 24. The e f fe c t  of stomach d isten sion  on the  
amplitude o f  the E.C.G. I t  w i l l  he seen  
that the changes are s im ilar  to those  
occurring with resp ira tion  (Fig. 23).
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S U B JE C T

VEC T O R C A R D IO G R A M S  
S T O M A C H  E M P T Y  
M ID -E X P IR A T IO N

V E C T O R C A R D IO G R A M S  
S T O M A C H  D IST E N D E D  
M ID -E X P IR A T IO N

S A G IT T A L
PLANE
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Fig. 26. Vectorcardiograms taken with, the stomach empty and with 
the stomach distended. I t  w i l l  he seen that the change 
due to stomach d is ten s ion  i s  very s im ilar to that due 
to fu l l  exp iration  (Fig. 25).
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F ig .  27« The electro-encephalogram  obta ined  in  one sub jec t  
under var ious  co n d i t io n s .  I t  w i l l  be seen th a t  
h y p e rv e n t i la t io n  or g alone produced l i t t l e  change, 
whereas in  combination unconsciousness r e s u l t e d  
a s s o c ia te d  with th e  appearance of slow high 
v o ltag e  waves.
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Fig. 29> B ipo la r  o c c ip i t a l  e lectro-encephalogram s ob ta ined  
during  va r io u s  experimental c o n d it io n s .  I t  w i l ^ e  
seen th a t  g o r  h y p e rv e n t i la t io n  alone caused l i t t l e  
change but th e  combination o f  the  two caused 
unconsciousness with th e  development of slow high 
amplitude waves.
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F ig .  30. Diagram of the general layout of the c ircu it  used 
for recording vectorcardiograms.
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I  TRIGGERING CIRCUIT F O R  VECTORCARDIOGRAM DISPLAY.
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Fig . 31« Diagram showing the time re la t ion s  of the pulses  
in  the tr ig g er in g  c ircu it  for  vectorcardiogram 
disp lay . (See t e x t ) .


