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OBJECTIVE MEASUREMENT OF HUMAN TOLERANCE TO tG, 

ACCELERATION STRESS 

Sal vadore A .  Rosi tan0 

Ames Research Center 

1.0 INTRODUCTION 

Outside of the problems associated with reduced barometric 

pressure, there i s  no field in the whole of aerospace bioscience 

that has received so much attention as acceleration. As our space 

exploration efforts extend opportuni t ies for manned f l  i gh t to 

passengers with various degrees of physical fitness accurate assess- 

ment of tolerance t o  acceleration i s  imperative. Fl i gh t experience 

and weightlessness simulation exper'iments have shown evidence of 

cardiovascular decondi t i  oni ng after periods of sustained weightless- 

ness (Leverett , 1971 and Greenleaf, 1973). Atmospheric reentry 

after  a long stay at weightlessness may very well be the most cri t ical  

time in the space mission. 

The Space Shuttle orbiter will reenter and land in a manner 

that may impose a head-to-foot acceleration vector upon crew and 

passengers seated i n  normal upright position. Reentry from the 

long Skylab missions did n o t  produce intolerable G loads on the 

crew; however, the inclusion of non-astronaut scientif ic  personnel 

and subjection of passengers (not necessarily young, physical ly 

f i t  males) t o  positive acceleration loads requires an extensive 

evaluation of the physiological effects of weightlessness and 

subsequent acceleration tolerance. 

A major obstacle in +Gz research, in which the inertial vector 

acts in a head-to-foot direction, i s  the lack of reliable techniques 

for objecti ve measurement of cardiovascular status. Acceleration 



s t ress  i s  genera l ly  evaluated by use o f  a man-carrying cen t r i f uge  

by c rea t i ng  an i n w a s e d  g r a v i t a t i o n a l  f i e l d  and record ing t h e  

elapsed t ime t o  sub jec t i ve  v isua l  f i e l d  degradation. Mot i  vat ion, 

experience, and several  uncon t ro l l  ab le  f ac to r s  seem t o  a f f e c t  t h e  

sub jec t ' s  response t o  changes i n  v i s i o n  as to le rance  l i m i t  i s  

approached. I n  the presence o f  h igh onset r a t e  ( r l  g/sec) a sub- 

j e c t  may become unconsci cus w i t h  1 i t t l e  o r  no p r i o r  warning. To 

accurate ly  p r e d i c t  to lerance t o  p o s i t i v e  acce le ra t ion  a rap id -  

response- t ime ob jec t i ve  analys is  o f  phys io log ica l  func t ions  must 

be used. 

Reduced oxygen l e v e l s  i n  cerebra l  b lood supply has been found 

emp i r i ca l l y  t o  be associated w i t h  loss o f  v i sua l  f unc t i on  - f i r s t  

as greyout ( loss  o f  per iphera l  v i s i on ) ;  then b lackout  ( loss  o f  

v i s i on ) ,  and f i n a l l y  unconsciousness. Unfor tunate ly ,  l oss  o f  

per iphera l  v i s i o n  through t o  un- v i s i o n  i s  a continuum from loss  o f  

C ~ ~ S C ~ O U S ~ ~ S ~  . 
Factors which e f f e c t  changes 

be seen i n  F igure 1. A v a i l a b i l i t y  

cerebral  b lood supply i s  essent i  a1 

i n  v i s i o n  are no t  s imple as may 

o f  oxygen and glucose i n  t he  

t o  maintenance o f  v i sua l  func- 

t i o n .  Basic p roper t ies  a f f e c t i n g  d e l i v e r y  o f  b lood are, o f  course, 

cerebral  b lood f low, F; a r t e r i  a1 pressure, P; and vessel res is tance,  

RZ;  as r e l a t e d  i n  the equation: 

F = P/RZ 

I n  the  presence o f  acce le ra t ion  RZ remains constant o r  decreases; 
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therefore,  a reduct ion i n  oxygen de l i ve ry ,  lead ing  t o  v isua l  impai r -  

ment, may be e f f e c t e d  by reduced f low o r  pressure. Data i n  t h i s  

study w i l l  con f i rm the  r e l a t i o n s h i p  between v isua l  degradatfon 

and reduced pressure and f low. Unt i  1 the developments repor ted here 

on ly  d i  r e c t  , invasive, head l eve l  b lood pressure was considered 

as an ob jec t i ve  i n d i c a t o r  o f  cerebra l  b lood supply. Instead o f  

us ing v i s i o n  as a sub jec t i ve  i n d i c a t i o n  o f  reduced 0, l e v e l ,  due 

t o  decreased flow, i .e. decreased pressure, f low w i l l  be used 

d i  r e c t l y  . 
This thes is  describes a noninvasive method f o r  moni tor ing 

t he  accel e r a t i  on-s t ressed human sub jec t  by measuremect o f  temporal 

a r t e r y  b lood f low v e l o c i t y  us ing a transcutaneous Doppler u l t r a -  

sonic flowmeter. Co r re l a t i on  w i l l  be made w i t h  d i r e c t  eye l e v e l  

b lood pressure as w e l l  as sub jec t i ve  v isua l  symptoms i n  the  presence 

o f  several  types o f  acce le ra t ion  p r o f i  les. The study wi 11 be 

1 im i  t e d  t o  eva lua t ing  the feas i  b i  li t y  , re1 i a b i  1 i ty  , and appl ica-  

t i ons  o f  the  new method t o  on ly  the most c r i t i c a l ,  head-to-foot 

acce le ra t ion  vector. 



2.0 ---- NATURE OF ACCELERATION - 
By de f in i t i on ,  accelerat lon i s  a  ra te  o f  change, and i t  can 

occur i n  any o r  a1 1  o f  three related, bu t  d i  r f e r i n g  maneuvers. 

Linear accelerat ion i s  the ra te  o f  change o f  ve loc i t y  o f  mass, the 

d i rec t i on  o f  movement o f  which i s  kept constant. Angular accelera- 

t i o n  i s  the ra te  o f  change o f  d i r e c t i o n  o f  mass, the ve loc i t y  o f  

which i s  kept constant, I n  t h i s  regard, the accelerat ion i s  

d i r e c t l y  propor t ional  t o  the square o f  the ve loc i t y  and inversely  

proport ional t o  the radius o f  turn. By c o m n  usage, where the 

axis o f  r o t a t i o n  i s  external t o  the body, as i n  an a i r c r a f t  tu rn  

or a centrifuge, the accelerat ion i s  f requent ly  termed " rad ia l  " 

accelerat ion, wh i le  the term "angular" i s  b e t t e r  reta ined f o r  

s i tua t ions  where the dxis o f  r o t a t i o n  passes through the body. I n  

i t s  t h i r d  form, accelerat ion occurs as a  component o f  tbe  a t t rac -  

t i o n  between masses. Newton showed tha t  the force o f  a t t r a c t i o n  

between masses i s  d i r e c t l y  propor t ional  t o  the product o f  the 

massps and i n d i r e c t l y  propor t ional  t o  the square o f  the distances 

between them, and t h a t  the p ropo r t i ona l i t y  constant i s  the 

grav i ta t iona l  constant g, which represents an accelerat ion o f  

32.24 f e e t  per second when ear th g rav i t a t i on  i s  a corrponent o f  the 

sys tern. 

The term "G" used i n  t h i s  t e x t  i s  used t o  i nd i ca te  t h e ' i n e r t i a l  

resu l tan t  o f  body accelerat ion, no t  the accelerat ion i t s e l  f. It 

thus represents the rpsul t an t  o f  vehicular displacement accelerat ion 

and g rav i t a t i ona l  accelerat ion, and i s  measured i n  gravi  t a t i o n a l  un i t s  . 



Pos i t i ve  and negative signs are used t o  del ineate the vector. 

By convention +Gt ind icates tha t  the  hear t  i s  displaced toward tne  

feet;  -Gz indicates tha t  the hear t  i s  displaced toward the head. 

S imi la r ly ,  +Sx ind icates displacement o f  the hear t  toward the back, 

and -Gx ind icates displacement o f  the hear t  toward the sternum. 

Again by convention, +Gy and -Gy ind icaf-  displacement o f  the hear t  

t o  the l e f t  and r i g h t ,  respect ively.  

The terms used i n  describing the durat ion o f  accelerat ion 

should a lso  be defined. Three durat ion classes are general ly 

used; "Abrupt Acceleration" has a durat ion o f  0.2 seconds o r  less; 

" b r i e f  accelerat ion" extends to 10 seconds; "prolonged v n ? l e r a -  

t i o n "  re fe rs  t o  durations longer than 10 seconds. For purposes 

o f  t h i s  paper "sustained accelerat ion" w i l l  be used t o  describe 

e i  t he r  b r i e f  o r  prolonged accelerat ion (Fraser, 1966). 

Rate o f  onset affects human tolerance as w i l l  be described 

l a t e r .  Rapid onset (ROR) re fers  t o  accelerat ion p r o f i l e s  which 

exceed 0.5 g/sec, wh i le  gradual onset (GOR) describes a r a t e  o f  

onset which i s  less than 0.5 g/sec. "GOG" (G on G) describes a 

var iable accelerat ion p ro f i l e ,  such as an evasive maneuver o f  a 

f i  ghter  a i  r c r a f t .  



3.0 PHYSIOLOGY OF +GZ ACCELERATION 

The physi 01 ogi cal  changes found i n  accelerat ion are funda- 

mentally re la ted  t o  the increase i n  weight and hydros ta t ic  pressure 

t h a t  develops along a vector o f  the accelerat ion. Thus, the 

e f fec ts  vary according t o  the pos i t i on  o f  the body w i th  respect t o  

the vector. When appl ied i n  the +GZ vector the l i m i t i n g  e f fec ts  

are p r imar i l y  cardiovascular; when appl ied i n  the +Gx o r  +Gy, how- 

ever, they are p r imar i l y  respi ratory.  As previously stated, only  

+Gz i s  t reated i n  t h i s  paper due t o  i t s  operat ional importance f o r  

space and m i  1 i ta ry  appl icat ions.  

I n  the centr i fuge contro l  room a t  the USAF School o f  Aero- 

space Hedicine hangs an appropriate plaque containing names o f  

subjects who have successful ly passed a high +GZ tes t .  The coat 

o f  arms o f  t h i s  c e r t i f i c a t e  and a1 1 g rav i t a t i ona l  physio logis ts  

i s  the g i ra f fe ,  f o r  man i s  f unc t i ona l l y  converted t o  g i r a f f e  as 

increased +G, acceierat ion increases the  head t o  hear t  hydro- 

s t a t i c  pressures as shown i n  Figure 2 and discussed i n  the  mater ia l  

t o  f o l l w .  

3.1 Cardiovascular E f fec ts  

Pascal , i n  the 17th century, shaced t h a t  i n  idea l  f l  uids a t  

res t ,  (a)  f l u i d  pressure exerted a t  any p o i n t  i n  a confined l i q u i d  

i s  transmitted undiminished i n  a1 1 di  rect ions, (b)  pressures 

a t  points  l y i n g  i n  the same hor izonta l  plane are equal, and ( c )  

pressure increases w i th  depth under the f ree  surface. This increase 



i s  equal t o  0 gh dynes/cm2, where p i s  the dens i ty  o f  the f l u i d ,  

g the g r a v i t a t i o n a l  constant, and h the  depth. These laws apply t o  

the  vascular system, and a f t e r  a  fashion, t o  the body as a whole. 

Thus a mean a r t e r i a l  pressure a t  hea r t  l e v e l  o f  100 mnHg w i l l  sup- 

p o r t  a  co l  umn o f  b lood 130 cm h igh (Burton, 1960) and the  mean 

a r t e r i a l  pressure a t  f e e t  and b r a i n  are approximately the  same when 

the body i s  hor i zon ta l .  When the  body i s  e rec t ,  t he  e f f e c t  o f  

change i I weight i s  such as t o  decrease m a n  a r t e r i  a1 pressure 

i n  the  bra;n a d  increase i t  i n  the f ee t .  I n  the e r e c t  p o s i t i o n  

a b ra in - to -hear t  column o f  b lood 250 mn h igh produces 250 mm I 13 mn/ 

mnHg, o r  19 n H g  back pressure on the hear t .  Thus, a  mean a r t e r i a l  

pressure o f  100 mnHg a t  hea r t  l e v e l  becomes 100-19 o r  81 mnHg a t  

b r a i n  l e v e l  . S i m i l a r l y  a r t e r i a l  pressure i n  the f e e t  w i l l  become 

approximately 175 m H g .  

Under increased accelerat ion,  the  resu l  t a n t  between app l i ed  

and g r a v i t a t i o n a l  acce le ra t ion  acts  t o  increase the e f f e c t i  ve 

densi t y  o f  the blood, i .e. increases the g component i n  t he  p gh 

equat ion according t o  the magni tude o f  the  g u n i t s  o f  the app l ied  

accelerat ion.  This i s  i l l u s t r a t e d  i n  Figure 1 (Wood, e t  a1 , 1963), 

which i s  a  diagrammatic wp resen ta t i  on o f  hyd ros ta t i c  pressures i n  

the  v a s x l a r  system o f  a  man s i t t i n g  i n  the up r i gh t  p o s i t i o n  a t  

1  G and under exposure t o  +5 GZ. The center  sketch, i l l u s t r a t i n g  

the  vascular e f f e c t s  a t  1  G ind ica tes  t h a t  w i t h  a  mean a r t e r i a l  

pressure o f  120 mnHg the  mean pressures a t  head and f o o t  l e v e l s  
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a t  1C and during headward acce lera t ion  a t  5G. (Wood e t  a l .  196:) 
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are ca lcu la ted  t o  be 96 and 170 mnHg respec t i ve ly .  A t  +5 GZ, 

wh i l e  mainta in ing mean a r t e r i a l  pressure a t  hear t  l e v e l  of  120 mn 

Hg, the ca lcu la ted  pressure a t  t he  base o f  the b r a i n  wi 11 be zero, 

wh i l e  a t  t he  f e e t  i t  w i  11 be 370 mnHg. Under these c i  r c m t a n c e s  

t he  subject  would be unconscious and an add i t i ona l  vencus pressure 

o f  250 mnHg would be requi red t o  r e tu rn  b lood from f e e t  t o  hear t .  

Fortunately,  unconsciousness does no t  necessar i l y  occur a t  +5 Gz,  

s ince compensatory adjustments occur on the card i  ovascul a r  sys tem. 

The fcregoing hyd ros ta t i c  exp lanat ion i s  impor tant  because i n i t i a l  

b lood pressure response t o  +GZ fo l lows  the hyd ros ta t i c  model. 

Lambert and Wood (1946) showed by progressive exposure o f  subjects  

t o  increased rnagni tude of  acce le ra t ion  t h a t  the f a l l  i n  b lood 

pressure a t  head l e v e l  was p ropor t iona l  t o  the magnitude o f  accel- 

e ra t i cn .  The blood pressure a t  hear t  l eve l ,  however, i s  main- 

ta ined  near normal, o r  i n  fact ,  may a c t u a l l y  increase t o  hyper tens ive 

l e v e l s  a t  5 G because o f  vasoconstr i  c t i  ve compensatory measures. 

Fur ther  c o r r e l a t i o n  o f  b lood pressure changes w i t h  o ther  

parameters a re  recorded by L i  ndberg and Wood (1963), who p o i n t  out  

t h a t  dur ing  acce le ra t ion  w i t h  ra tes o f  onset from 1 t o  2 G pe r  

second, which are o f  magnitudes s u f f i c i e n t  t o  produce loss  o f  

v i s i o n  there i s  an imnediate decrease i n  b lood pressure a t  head 

l e v e l  , an increase i n  hea r t  ra te ,  a decrease i n  b lood  content o f  

t he  ear, and a decrease i n  the ampli tude o f  the a r t e r i a l  pu lse a t  



the leve l  o f  the ear. This leads i n  t u rn  t o  f a i l u r e  o f  peripheral 

v i s i on  and eventual ly  o f  cent ra l  v is ion.  

D i rec t  measurement o f  eye leve l  blood pressure i s  considered 

:o be the  most accurate ob jec t ive  i nd i ca to r  o f  +GZ tolerance. The 

noni nvas i ve technique suggested i n  t h i s  thesis has been extensively  

compared w i t h  d i r e c t  eye leve l  a r t e r i a l  pressure and receives much 

o f  i t s  credi b i  1 i ty from demonstrated re1 a t i  onshi p t o  a r t e r i  a1 

r e s s u r e  change during +GZ. 

3.2 Visual E f fec ts  

Reduction i n  blood supply t o  the head area because o f  decreased 

blood pressure has been c lose ly  cor re la ted  w i th  diminished v isual  

f i e l d  and eventual l y  unconsciousness. 

Andina (1937) became in te res ted  i n  the problem o f  the "black 

v e i l "  which was experienced during the p u l l o u t  from a d ive  " j u s t  

a t  the moment when the shot should be f i red . "  His laboratory work 

a!; brell as experiments i n  an a i rp lane provided by the  Swiss A i r  

Force produced the s a l i e n t  observaz 'm o f  the importance o f  the 

d i  fference i n  pressure between the r e t i n a l  a r te ry  and i ntraocular  

prestiure. h d i n a  proposed t h a t  the blood pressure i n  the r e t i n a l  

d r te ry  must be greater than the i n t raocu la r  pressure before any 

blood k r ' l l  flow i n  the eye. 

Larrbert (1945) w i t h  Wood (1946) provided the f i r s t  experimental 

evidence on the r o l e  o f  the r e t i n a  i n  the o r i g i n  o f  blackout. 



Duane (1954) using d i  r e c t  opthalmoscopic observat ions, and 

Levere t t  and Newsom (1971 ) using r e t i n a l  photography and f luorescence 

angiography , found t h a t  sub jec t i ve  b lackout  coincides wi t h  cessat ion 

o f  flow i n  the  r e t i n a l  c i r c u l a t i o n .  Leveret t  and Newsom a l so  

found t h a t  v i sua l  f a i l u r e  a t  b lackout  occurred when head l e v e l  mean 

a r t e r i a l  pressure had f a l l e n  below 20 mHg. I n  a l a t e r  paper, 

Duane, e t  a1 (1962) showed t h a t  wnere the hyd ros ta t i c  pressure was 

such as t o  cause co l lapse o f  the a r t e r i o l a r  vessels dur ing  d i a s t o l e  

and recovery i n  sys to l? ,  a pu l sa t i on  o f  the vessels may be observed 

which i s  associated w i t h  grdyout, o r  reduct ion o f  the  v isua l  f i e l d  

t o  approximately 15" i n  a l l  meridians. 

Duane's observations are summarized i n  Table I below. Time 

1 ags o f  two t o  f i v e  seconds were repor ted between the  opthalmoscopic 

f ind ings  and the sub jec t i ve  e f f ec t s .  This observat ion as w e l l  as 

the c l a s s i c  c o l o r  fundus photographs obtained by Leveret t  w i l l  be im- 

po r t an t  basis f o r  es tab l i sh i ng  the v a l i d i t y  o f  the noninvasive 

technique t o  be presented i n  t h i s  thes is .  

Table I - Relationship Betwen Stages of Visual Symptoms and 
Vascular Changes in t h e  Fundus of the Eye 

Stage Subjective 

I Loss of peripheral  
l i gh t s  

I1 Blackout 

111 Return of central 
and peripheral l i gh t s  

Objective 

Arteriolar pulsation 

Arteriolar exsanguination 
and collapse 

Return of arteriolar 
pulsation and temporary 
venous distension 



4.0 OBJECTIVE AND SUBJECTIVE END POINTS I N  +G, RESEARCH 

4.1 Subject ive Visual  End Po in ts  

Increased speed and performance o f  modern a i r c r a f t  as w e l l  as 

space f l i g h t  reen t ry  condi t ions make the  problem of human to lerance 

and reac t ion  t o  acce le ra t ion  more complex. However, the  card i  o- 

vascular e f f e c t s  1  eadi ng t o  b lackout  and unconsciousness tend t o  

remain the same i f  the  G l e v e l  i s  above t he  con t ro l  b lackout  l e v e l  

o f  the  subject .  Since the  pa t t e rn  o f  b lackout  and unconsciousness 

i s  e s s e n t i a l l y  the same i n  a l l  sub jects ,  ob jec t i ve  end po in t s  f o r  

human to1 erance would seem poss ib le ;  however, several  f ac to r s  make 

t h e  end p o i n t  f o r  any given sub jec t  somewhat sub jec t i ve .  

4.1.1 L im i t a t i ons  

Ob jec t i  ve measurement techniques re1 i eve the sub jec t  o f  responsi - 
b i  li t y  o f  t r y i n g  t o  make a r a t i o n a l  assessment o f  h i s  own phys io log ica l  

s ta te .  I n  add i t ion ,  i t  does n o t  r e a d i l y  lend  i t s e l f  t o  f a l s i f i c a t i o n ,  

espec ia l l y  by an unmotivated o r  anxious subject .  Chambers (1963) 

sumnari zed several  var iab les which compl i cate human to lerance 

determinat ion. Some o f  h i s  observations i n c l  uded: 

(a )  Emotional fac to rs  such as f e a r  and anxiety,  confidence 
i n  s e l f  and apparatus, and wi 11 ingness t o  t o l e r a t e  
discomfor-t and pain. 

( b )  Mot i va t iona l  f ac to r s  such as compet i t ive a t t i t u d e ,  des i re  
t o  be se lected f o r  a p a r t i c u l a r  space p ro jec t ,  o r  s p e c i f i c  
pay, recogni t ions o r  awards. 



( c )  Previous accelerat ion t r a i n i n g  and accumulative e f fec ts ,  

(d) Presence o r  absence of performance tasks which must be 
done during peak G s t ress.  

(e )  Body posi t ions,  p ro tec t i ve  devices, breathing techniques, 
etc.  

( f )  Age o f  subject. 

(g )  Types o f  end points  used. 

The c lass ica l  end points  used i n  human accelerat ion experi - 
ments are the visual end points  o f  loss o f  peripheral v i s i on  (gray- 

out)  and loss o f  a l l  v is ion  (blackout).  

Coburn (1970) voiced h i s  concern regarding the " r e l i a b i l i t y  

and repea tab i l i t y  o f  a large po r t i on  o f  the data reported i n  zhe 

l i t e r a t u r e . "  Many o f  h i s  object ions to  subject ive end points  have 

been v e r i f i e d  by other  accelerat ion physio logis ts .  An inexperienced 

centr i fuge subject may terminate a run because o f  f ea r  o r  a mis- 

understanding o f  the desired end po in t .  Even an experienced, h igh l y  

motivated subject w i l l  terminate a run prematurely i f  unduly 

fat igued by previous runs. Even more important i s  the danger tha t  

some ind iv idua ls  w i  11 progress t o  unconsciousness during rap id  on- 

set  accelerat ion wi thout  recogrii z i  ng a gradual de te r i o ra t i on  o f  

v is ion.  Visual end po in ts  are useful  as Coburn points  out, for  

h igh l y  trained, motivated subjects. 

Regardless o f  moti v a t i  onal /emotional s ta te  o f  the subject,  the 

spa t i a l  and temporal charac ter is t i cs  o f  the l i g h t  sources used i n  



the v isual  end po in t  method are very important. For any given se t  

of v isudl  s t i m u l i i  the problem of what const i tu tes the phenomena 

known as grayout and blackout becomes even more d i f f i c u l t  f o r  i n -  

experienced subjects. The m d i  ca l  moni t o r  usual l y  describes each 

end po in t  and then l e t s  the subject decide f o r  h imsel f  when he has 

reached i t .  This seems st ra ight forward;  however, subjects, even 

experienced ones, w i  11 describe t h e i r  experiences d i  f f e r e n t l y  . 
Most cen t r i  fuges use a f i x e d  se t  o f  three colored lamps arranged 

on a l inear ,  hor izonta l  bar  a t  a f i xed  distance from the eyes. A 

center red l i g h t  i s  used as f i x a t i o n  po in t  and the c r i t e r i o n  f o r  

cent ra l  v i s i on  loss (blackout) i s  when i n t e n s i t y  dims considerably o r  

disappears. Peripheral l i g h t  loss i s  establ ished by disappearance 

o f  f lash ing  green l i g h t s  placed a t  15'-25' each s ide o f  the center 

red l i g h t .  

This author has witnessed several tes ts  where the  subject has 

reported f u l l  loss o f  the centra l  red l i g h t  wh i le  s t i l l  sensing 

the f lash ing  peripheral green l i g h t s .  Subjects may repor t  a co lo r  

change from green t o  white i n  t h i s  instance, however, blackout 

f o l l  owed by unconsci ousness was emi nent . 

4.2 Object ive End Points 

4.2.1 Eye Level Blood Pressure 

The works o f  Lambert, Wood, Leveret t  and others prev iously  

c i t e d  c e r t a i n l y  provide techniques f o r  es tab l ish ing  concl usive 



repeatable cardiovascular end points  . Radial a r t e ~ i a l  cannulat i  on 

w i t h  the blood pressure referenced a t  eye leve l  has remained the  

ob j e c t i  ve +Gz tolerance measurement choice since the  pioneering work 

o f  Lambert and Wood (1946) i n  co r re la t i ng  eye leve l  blood pressure 

and visual symptoms. This i s  due t o  the f a c t  t ha t  n e i t h e r  f low o r  

resistance could be measured i nvasi vely, o r  noninvasi vely. D i rec t  

cannulation o f  the radi  a1 a r te ry  requires inherent  r i sks ,  discomfort, 

and possible in f luence on accelerat ion tolerance (Ryan, 1973; 

Samaan , 1971 ) . 

4.2.2 Retinal Ar tery Qbservat i  on 

D i  r e c t  observations o f  r e t i n a l  a r t e r i  a1 blood flow would a lso 

prov i  de excel lent  determi nat ion o f  ob jec t ive  end poi nts  ; however, 

the  method i s  extremely d i f f i c u l t  t o  implement, cos t l y  and i m  

prac t i ca l  a t  high G leve ls .  

4.2.3 - E~ectroencephalogram (EEG) 

EEG measurements have been cor re la ted  w i t h  changes i n  v isual  

f i e l d s  . Sem-Jacobsen (1958-1961 ) found marked changes i n  EEG i n  

p i  l o t s  undergoing v io len t  f l y i n g  maneuvers. Squires , e t  a1 (1964) 

reported EEG changes i n  subjects during blackout produced by +Gz 

accelerat ion. Frequency analysis showed charactzr is t i c  changes 

dur ing grayout and blackout. An increase i n  beta frequencies (16 

t o  36 Hz) occurred and the general amplitude pat te rn  was coincident 

w i t h  the accelerat ion p r o f i l e .  Other frequency changes were re- 

proted dur i  n~ grayout and blackout; however, the authors considered 

-16- 



t ha t  the best  index o f  consciousness appeared t o  be i n  an inverse 

re la t i onsh ip  between amplitude o f  components i n  the 5 cps range 

and the depth o f  blackout. D i f f i c u l t y  o f  applying the technique 

has made consistent i n te rp re ta t i on  a matter o f  conjecture. Muscle 

problems, muscle a r t i  facts,  var ia t ions  o f  subject response are b u t  

a few o f  the problems (Coburn, 1970). 

4.2.4 Electrocardiogram (EKG) 

C l i n i c a l  analysis o f  EKG i s  always used as a medical safety 

procedure. Fraser (1966) repor ts  l i t t l e  conclusive evidence o f  end 

po in t  c r i  t e r i  a from EKG recordi ngs . Several anomal i es may appear 

during and a f t e r  accelerat ion st ress bu t  none can be cons is ten t ly  

associated w i  t h  impending visual f a i  1 ure (Brown and Fi t z i  m n s  , 
1957). A1 though increased pulse ra te  a1 mos t always acconpani es 

G stress, no end p o i n t  c r i t e r i a  can be determined. Pulse r a t e  i s  

useful ,  however, i n  comparing performance o f  several subjects o r  

as comparative data before and a f t e r  a l t e r i n g  the sub jec t ' s  environ- 

ment o r  physical condit ioning, such as weightlessness . 

4.2.5 Ear Opacity 

Wood, e t  a1 (1963) describe a technique whereby the blood con- 

t en t  present i n  the pinna o f  the ear,  i s  estimated by means o f  a 

l i g h t  source/photosensor configured t o  record transmissabi 1 i t y  . 
Increase i n  ear opacity has been corre lated w i t h  decl ine i n  blood 

pressure a t  increased GZ. McGuire, e t  a1 (1961) and Smedal, e t  

a1 (1963) repor t  q u a l i t a t i v e  changes i n  ear pulse and opaci ty  w i t h  



various accelerat ion p r o f i  les  . Disappearance o f  the ear pulse 

has been used by these groups as an i nd i ca t i on  o f  impending v isual  

f a i  1 ure. Wood, e t  a1 (1963) used re1 a t i  ve changes i n  ear  opaci t y  

t o  measure G p ro tec t ion  af forded by water i m r s i o n .  This group 

reported excel l e n t  co r re la t i on  between s y s t o l i c  a r t e r i  a1 pressure 

and amp1 i tude o f  ear opaci ty  

t i o n  high enough t o  reduce d  

leve l  t o  zero. They fu r the r  

pulse was a good analog for  

pulse a t  levels  o f  headward accelera- 

a s t o l i c  a r t e r i a l  pressure a t  head 

suggested tha t  the use o f  ear  opacity 

udging decreased s y s t o l i c  pressure a t  

head l eve l .  No other  reports on use o f  t h i s  technique as an end 

po in t  c r i  t e r i on  could be found. 



5.0 INSTRUMENTATION METHODS 

Special instrumentation f o r  use a t  high G was developed f o r  

t h i s  study. Pr inc ip les o f  centr i fuge and noninvasive blood f l o w  

instrumentation w i  11 be reviewed. Two types o f  Doppler flowmeters 

were u t i  1 i zed. Both measured flow ve loc i t y  magni tude; however, 

one was non-di r e c t i  on-sensi ti ve, whi l e  the other  was capable o f  

a lso measuring d i  r e c t i  on. 

5.1 D o p ~ l e r  Ul t rasonic Flowmeter 

The use o f  the Doppler p r i n c i p l e  i n  cardiology was fi w t 

suggested by Satomura (1957, 1959, 1960). Prac t ica l  app l ica t ion  

O F  the p r i n c i p l e  w i th  an analog readout began w i th  the work a t  

the Un ivers i ty  o f  Washington under Dr .  R. F. Rushmer and D. L. 

Frankl in  (1961 ). Flcwmeter e lec t ron ics  used u n t i  1 1967 could not  

d is t ingu ish  f low d i  rect ion;  however, F. D. McLeod (1967, 1969) 

published the f i r s t  resu l ts  using a direct ion-sensi t i v e  flowmeter. 

Flowmeters o f  the Frank l in  and McLeod types as modif ied by Rositano, 

e t  a1 (1969, 1973) were used i n  t h i s  study. 

Transducers speci f i  cal  l y  designed f o r  non-i nvasi ve trdns- 

cutaneous use were introduced by Rushmer (1966) and Stegal (1966). 

Specif ic transducers were designed t o  meet the needs o f  t h i s  study 

by Mancini and Rositano (1973). 



5.1.1 Basic Dsscr ipt ion o f  Doppler Flowmeters - 
The change o f  p i t c h  i r ~  a  r a i  l road wh is t l e  as i t  passes a  

s ta t ionary  observer i s  caused by the Doppler e f fec t .  I f  a  continuous 

beam o f  ultrasound i s  t ransmitted diagonal ly i n t o  a column o f  

blood, a small f r ac t i on  o f  the sound energy backscatters f roa  the 

p a r t i c l e s  i n  the blood t o  reach a  receiver  located adjacent t o  the 

t ransmit ter .  If the blood i s  s tat ionary,  the u l t rason ic  frequency 

a t  the rece iver  i s  the same as the t ransmi t te r  frequency. I f  the 

blood i s  moving, however, a  Doppler s h i f t  i n  frequency occurs r ,  ch 

t ha t  the ultrasound reaching the rece iver  d i f f e r s  f r o m  the trans- 

m i t t ed  frequency by the amount deper:dent, i n  par t ,  upon the ve loc i t y  

w i th  which the backscatter ing pa r t i c l es  are moving. By mixing the 

transmitted frequency w i  t h  the backscattered frequency a  beat 

frequency i s  generated which i s  audible (0 t o  10000 Hz) untier 

normal blood f low condit ions and can be recorded t o  i nd i ca te  dynamic 

changes i n  blood f low ve loc i t y  i n  a r te r i es  and veins. The fo l low- 

i n g  development more s p e c i f i c a l l y  d e t a i l s  the continuous wave Doppler 

f l  owmeter theory. 

5.1 .2 The Non-Dl r e c t i  onal F l  owmeter 

Blood c e l l s  provide s u f f i c i e n t  i n te r face  l o  sca t te r  and re- 

f l e c t  a  small po r t i on  o f  an inc ident  beam o f  h igh  frequency (5-11 

MHz) ul  trasound. The frequency o f  waves scattered from s  t a t 1  o n a y  



in ter faces i s  the same as tha t  o f  the inc ident  wave; however, waves 

scattered from moving pa r t i c l es  experience a  frequency s h i f t  pro- 

p o r t i m a l  t o  the sca t te r ing  c e l l  's ve loc i ty .  The frequency s h i f t ,  

described by the Doppler equa~ ion  i s  : 

- 2FcVj cosa 
Fd - C 

where Fd = frequency s h i f t  o r  d i f ference frequency, 

Fc = frequency o f  inc ident  wave, 

V i  = vec:-sl,r component o f  sca t te r ing  pa r t i c l es  ve loc i t y  along 

an axis b isect ing the angle between the transducer 

elements, 

a  = h a l f  angle between transducer elements and f low axis,  

C = ve loc i ty  o f  sound i n  f l u i d .  

For a  t yp i ca l  physiological appl icat ion:  Fc = 10 MHz; C = 

1.4 x lo3 M/sec; a = 45"; V ranges from 0 t o  +I m/sec; the Doppler 

s h i f t  ranges from 0 t o  10 kHz. 

The blood stream consists o f  a  la rge  number o f  random scat ters 

moving i n  a  ve loc i t y  p r o f i l e .  The scattered signal i s  no t  a  d is -  

crete frequency but  a power spectrum representat ive o f  t hz  f low pro- 

f i l e  (McLeod, 1969). The re f l ec ted  signal i s  expressed as 

P(Fd) = A(V) 

where A ( V )  i s  the vessel crossectional area occupied by f l u i d  mov- 

i n g  a t  veloci  t y  V and i 11 uminated by the u l  t rasonic beam. The 1  arge 

n u h e r  o f  random on Gaussian scat ters permits expression o f  the 

mean ve loc i t y  as the f i r s t  moment o f  the power spectrum [P(Fd)]. 



The p w e r  rece ived a t  t he  second o r  r ece i v i ng  p i e z o e l e c t r i c  

t ransducer i s  ampli f i e d  and demodulated so  as t o  preserve both 

amp1 i tude and phase informat ion. The demodulation process shown 

i n  Figure 3 t r ans la tes  the  sca t te red  power spectrum t o  the  o r i g i n  

where the  d i  r e c t  coup1 ed c a r r i e r  appears as a zero frequency of  

DC component and i s  e a s i l y  removed w i t h  a  b lock ing  capaci tor .  A 

zero cross ing de tec to r  i s  used t o  produce a vo l tage output  pro- 

po r t i ona l  t o  the mean flow v e l o c i t y .  A1 though e r r o r s  due t o  non- 

un i  form Doppler spectra,  have been noted i n  i t s  use by Flax,  e t  a1 

(1970) and others,  the zero cross ing de tec to r  performs s a t i s -  

f a c t o r i l y  f o r  t h i s  study. Absolute lnagni tude o f  flow w i l l  n o t  be 

used. Re la t i  ve changes i n  vel  oc i  t y  and, more impor tan t l y ,  f l ow 

d i r e c t i o n  and the presence o r  absence o f  f l ow s igna ls  wi 11 be used 

exc lus ive ly .  

Since on ly  Fd, the d i f f e rence  frequency, i s  detected and s ince  

i t s  a lgebra ic  s ign  i s  unknown, movement iiJay from the  c r y s t a l s  a t  

v e l o c i t y  V r e s u l t s  i n  the same output  from the  z e x  cross inq c i r -  

cu i  t as movement toward t he  c r y s t a l s  a t  t h i s  vel oc i  ty, as shown 

i n  Figure 4. 

Non-di r e c t i  onal sys terns developed f o r  c e n t r i  fuge use a t  NASA- 

Ames Jesearch Center are shown i n  Figures 5 and 6. 

5.1 . 3  D i  r e c t i  onal F l  owrneter 

I n  a  device developed by McLeod (1967) a  phase s h i f t  i s  i n t r o -  

duced p r i o r  t o  detect ion,  making poss ib le  the  i dent i  f i  c a t i  on and 
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F i  gure 4. Comparison of waveforms from non-di r e c t i o n  
s e n s i t i v e  and d i r e c t i o n a l  Doppler flowmeters 

















































and central  l i g h t  loss (CiL) has been previously described (Section 

5.4).  ROR's were begun w i t h  2.5 G f o r  15 seconds and f ncreased i n  

increments o f  0.5 G u n t i l  per ipheral l i g h t  loss occursd; a t  t h i s  

tim, runs were inqgased by 0.2 G u n t i  1 the end po in t  o f  blackout 

(50% loss of centra l  l i g h t ) .  Subjects then underwent a GOR to  

blackout. Adequate time was allowed b-tween runs f o r  the subject 

t o  return t o  a normal physioiogic s tate.  

6.2.1 Results - D ias to l i c  Reverse Flow iiypothesis 

The previously heard and observed changes i n  flow l a t e  i n  

d ias to le  a t  increased G were c l e a r l y  i d e n t i f i e d  t o  be retrograde 

blood flow as shown i n  Figure 20, thus confirming the  e a r l i e r  

hypothesis. I n  the audio record o f  the Doppler s h i f t ,  the h igher  

frequency sounds o f  blood flow during systo le are gradual ly re- 

placed by the lower frequency sounds o f  reverse flow. D ias to l i c  

retrograde eye l eve l  blood flow was observed t o  increase w i t h  G 

l eve l .  

6.2.2 Results - Rapid 3nset Runs (ROR) 

When blackout was approached (range 2.7 t o  4.6 G) , eye l e v e l  

a r t e r i a l  blood pressure (Pa) began t o  fa1 1 concomitant w i th  the 

occurence o f  retrograde f l o w  i n  the temporal a r te ry  (Figure 21 ). 

Zero fornard temporal a r te ry  flow ( ~ t a )  was determined by both 

graphic and audio recordings s i x  seconds (range 4-5 sec. ) p r i o r  t o  
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blackout.  Eye l e v e l  mean a r t e r i a l  pressure (Pa) decreased t o  20 

?I mnHg (n=16) when zero forward d t a  was i n i t i a l l y  recordec. A r t e r i a l  

pressure and temporal a r t e r y  f low ve loc i  t y  increased simul tane- 

, w i t h  a s i g n i f i c a n t  increase 

i n g  post  run when compared t o  

ous l y  dur ing c e n t r i  f uge 

i n  pressure and f low ve 

p rev i  ous values. 

dece le ra t ion  

l o c i  t y  occurr  

An i n t e r e s t i n g  c o r r e l a t i o n  o f  pressure and f low w i t h  la tency 

i n  sub jec t i ve  v isua l  symptoms i s  shown i n  F igure 22. Rapid onset 

run A (ROR .I) Nas terminated by the  s u ~ j e c t  a t  100% cen t ra l  l i g h t  

loss  f i v e  seconds a f t e r  zero ~ t a ;  whereas, ROR B was terminated one 

second a f t e r  zero Q ta  by the medical moni tor  w i t h  no v i sua l  symptoms. 

6.2.3 Results - Gradual Onset quns (GOR) 

The c o r r e l a t i o n  o f  Pa, !)ta and v isua l  symptoms recorded dur ing 

ROR's was no t  dup l i ca ted  t o  the  same degree dur ing G O R ' s .  Three 

o f  the seven subjects had c l e a r l y  i d e n t i  f i  ab le  Doppler end po in ts  . 
Fronr one o f  these th ree  subjects ,  a ne t  negat ive mean f l ow  

r a t h e r  thar~  ,:omplete cessat ion was recorded seven secocds before 

blackout;  t h d t  i s ,  re t rograde d i a s t o l i c  f low exceeded forward 

s y s t o l i c  f low (Figure 23).  Results f o r  the o ther  f ou r  subjects  were 

var ied: Subject 1 - Pa and ~ t a  var ied  w i t h  r esp i ra to r y  cycles;  

Pa var ied  between 20-25 mnHg f o r  11 seconds pre-blackout;  t he  

re t rograde f low component o f  the ~ t a  wave was bu i  l d i n g  dur ing 

t h i s  per iod. Subject 5 - zero forward ~ t a  was never achieved; 
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Pa was never below 30 mnHg. Subject 6 - Pa was a t  20 mnHg o r  

below f o r  nine seconds pre-blackout; zero forward ~ t a  was never 

attained; however, the retrograde f low po r t i on  o f  the ~ t a  wave 

had become dominant. Subject 7 - ~ t a  f low pat te rn  was very 

much l i k e  subject 6; zero forward ~ t a  was never at ta ined,  b u t  a 

progressi vely increasing back flow was seen p r i o r  t o  blackout 

(Pa = 30 mnHg a t  blackout).  Pa had been increasing and decreas- 

i ng  w i t h  resp i ra to ry  cycles p r i o r  t o  t h i s  time. 

Because o f  the subject ive nature o f  CLL determination by the  

subject, there was no conclusive way t o  evaluate d i f fe rence between 

the reported end ~ o i n t  and Doppler data. Another experiment (6.3) 

would have t o  be conducted t o  resolve the problem. 

6.3 C r i t i c a l  Evaluat ion o f  GOR End Point  and Temporal Blood Flow 

This t e s t  was designed t o  evaluate the  condit ions present a t  

CLL f o r  the gradual onset p r o f i l e s  using f i r s t  the t e s t  sub jec t ' s  

c r i t e r i o n  f o r  CLL (as i n  6.2), and i n  a subsequent run, l oss  o f  

temporal b 

Eight  

previously 

lood flow as an ob jec t ive  end po 

experi enced cent ri fuge subjects 

described. During the f i r s t  o f  

i n t .  

were instrumented as 

two GOR's (0.1 g/sec) 

each subject was asked t o  terminate h i s  run when he perceived a 

50% CLL; whereas, the second run was t o  be terminated by the 

medical monitor using ob jec t ive  analysis o f  temporal f low data. 



For safety ,  a t  no t ime was t he  cen t ra l  l i g h t  t o  degrade beyond 60% 

as def ined by the subject .  The Doppler system was non-d i rec t ion-  

sens i t i ve ;  however, re t rograde f low dur ing  d i a s t o l e  was e a s i l y  d i s -  

t i nguished from forward f low as p rev ious ly  descr ibed (F igure 20). 

6.3.1 Results 

Subject ive CLL end po in ts  f o r  f i v e  o f  the e i g h t  subjects  i n  the 

f i  r s t  GOR co inc ided w i t h  ob jec t i ve  p red i c t i ons  o f  temporal b lood 

f low; however, th ree  subjects  terminated t h e i r  runs a t  a t ime when 

temporal f l ow had n o t  reached sustained re t rograde o r  zero f low. 

I n  the subsequent run terminated by the medical moni tor  by ob jec t i ve  

analys is  o f  f l ow  data, a l l  e i g h t  subjects  repor ted v isua l  l oss  

between 45% and 60% CLL. Typica l  data from both runs o f  one o f  

the three uncer ta in  subjects  i s  compared on F igure 24. Flow 

v e l o c i t y  a t  sub jec t i ve  b lackout  i n  Run 1 does show reversa l  du r i ng  

d i as to l e  and a decrsasing o v e r a l l  amp1 i tude; however, no c l e a r  

end p o i n t  i s  i d e n t i f i a b l e .  I n  the second run, the  f l ow  data c l e a r l y  

ind ica tes  an end po in t .  

6.4 Cor re la t ion  o f  Temporal Ar te ry  and Comnon Caro t id  A r te r y  Flow 
Durina +G7 

Development o f  a t ransducer by R. M. Olson, e t  a1 (1973) f o r  

transcutaneous c a r o t i d  f low v e l o c i t y  measurement made poss ib le  t h e  

comparison o f  t he  temporal a ~ d  c a r o t i d  a r t e r i a l  f low pa t te rns  a t  G. 
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The c a r o t i d  sensor consists o f  an ingenious steerable module, con- 

t a i  n i  ng two p iezoe lec t r i c  c rys ta ls ,  mounted on a two-inch-wide 

velcro neck strap. 

The e i g h t  subjects used i n  the previous study were re ins t ru -  

mented w i t h  Doppler f l owmte rs  over the  comnon c a r o t i d  as we l l  as 

the temporal a r te ry .  Only one d i rec t i ona l  channel was avai lab le;  

therefore, i t  was used on the ca ro t i d  sensor t o  conf irm f low 

d i rec t ion .  Rapid onset runs (1 G/sec) and gradual onset runs 

(0.1 G/sec) were used t o  produce st ress t o  v isual  f a i l u r e .  

6.4.1 Results 

Some d i f f i c u l t y  was experienced keeping the c a r o t i d  sensor i n  

place a t  G. The mass o f  the metal swivel po r t i on  o f  the probe was 

apparently s u f f i c i e n t  t o  cause movement r e l a t i v e  t o  the s k i n  a t  6. 

S l i g h t  compression o f  the subject 's  neck area a t  G was observed v i a  

the te lev i s ion  moni to r .  Swallowing a lso a f fec ted  the  transducer- 

a r te ry  alignment, producing a pe r iod i c  a r t i f a c t  i n  some data. 

A r t i  f ac t - f ree  data was obta i  ned from four  subjects. 

Carot id  a r te ry  flow vel oc i  ty exh ib i ted  retrograde a c t i  v i  t y  

corresponding t o  d i a s t o l i c  retrograde f low i n  the temporal a r te ry  as 

shown i n  Figure 25. Retrograde c a r o t i d  f low was only observed 

during the  peak retrograde a c t i v i t y  i n  the temporal a r te ry .  As 

temporal f low progressed toward cessation, c a r o t i d  f low returned 

t o  100% forward d i rec t ion .  
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6.5 Corre lat ion of Temporal Ar tery Flow and Object ive Visual 
F i e l d  L i m i t  

Previous studies using a transcutaneous u l t rason ic  Doppler 

blood flowmeter over the temporal a r te ry  have confirmed a re la t i on -  

sh ip between loss o f  centra l  v i s i on  and d iscre te  changes i n  eye 

leve l  blood flow ve loc i ty .  As centra l  l i g h t  loss (CLL) i s  approached 

temporal a r te ry  f low vel oci t y  fi r s t  reverses d i  r e c t i  on dur i  ng 

d ias to le  and progressively decreases toward t o t d l  cessation several 

seconds before CLL. 

I f  the temporal a r te ry  Doppler technique i s  t o  provide an i n d i -  

cat ion o f  visual f i e l d  change p r i o r  t o  CLL, an accurate appraisal 

o f  the progressive loss o f  peripheral v i s i on  and i t s  re la t i onsh ip  

t o  temporal blood flow must be made. The conventional l i g h t  bar, 

using a centra l  red l i g h t  and two peripheral green l i g h t s ,  does 

n o t  permit  high reso lu t ion  t rack ing  o f  peripheral l i g h t  loss. 

This study was t o  analyze the re la t ionsh ip  between tenporal f low 

ve loc i t y  , eye l eve l  a r t e r i a l  blood pressure, and progressive 

degradation o f  the v isual  f i e l d .  

The G i  1 lingham l i g h t  bar  shown i n  Figure 26 provided a means 

f o r  high reso lu t ion  t rack ing  o f  visual l i m i t s  i n  the  hor izonta l  

plane. The two peripheral green l i g h t s  were replaced w i t h  a 1 i near 

array of s i x t y  white lamps on a two-inch-wide semic i rcu lar  

bar  extending t o  60 degrees each side o f  a centra l  red f i x a t i o n  

1 i ght. The lamps are authomatical l y  sequenced beginning w i t h  the 





outermost lamps progressing toward the center red l i g h t .  The sub- 

j e c t  act ivates a switch when l i g h t  enters h i s  v isual  f i e l d ,  

causing the l i g h t s  t o  reverse course and ret race todard the 

l a t e r a l  l i m i t s  o f  v is ion. When the l i g h t  recedes beyond the v isual  

f i e l d  the switch i s  again ac t iva ted  and the process i s  repeated. 

Objcct i  ve pos i t iona l  in format ion o f  the hor izonta l  v isual l i m i  t s  

i s  continuously recorded as the l i g h t s  sequence back and' f o r t h  

about the poi n t  o f  v i  s i  on loss. 

Eight  subjects were instrumented as prev iously  described I n  

Section 5. Right rad ia l  a r te ry  was catheter ized i n  the same manner 

as described i n  Section 6.2. A11 subjects were experienced i n  

use o f  the new l i g h t  bar. Three accelerat ion p r o f i l e s  were used, 

consis t ing of ROR1s, GOR1s and var iable G s i m i l a r  t o  high performance 

a i r c r a f t  maneuvering (GOG). As a11 adjunct t o  the tes t ,  cardio- 

vascular and visual response t o  45" and 65' seat back angles ( i n  

add i t ion  t o  standard 13") were evaluated. Response t o  seat angle 

change w i  11 be presented i n  Section 6.6.3. 

6.5.1 ROR Results 

A t yp i ca l  ROR t o  blackout i s  shwn i n  Figure 27. Retrograde 

flow 

leve 

begins when d i a s t o l i c  pressure decreases below 35 mnHg a t  eye 

1. Zero forward f lw i s  seen as s y s t o l i c  pressure drops t o  
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22 mnHg. Neg j t i ve  mean b l o o  ' f low v e l o c i t y  i s  observed 5.6 seconds 

(range 4 t o  8) seconds p r i o r  t o  v isua l  f i e l d  change perceived by 

subject .  

For ROR's t o  G l e v e l s  below the  sub je? t1s  to lerance l e v e l  the  

i n i t i a l  compensatory e f f e c t  was c l e a r l y  d is t ingu ishab le .  I n  F igure 

28 ret rograde eye l e v e l  b lood f low and momentary zero f low a re  

exh ib i t ed  on ramp up. The ex ten t  o f  mmentary v isua l  degradat ion 

i s  p red ic tab le  from analys is  o f  t he  f low waveform. Retrograde f low 

preceded v isual  e f f e c t  wh i l e  r e tu rn  t o  normal f l ow preceded r e t u r n  

t o  f u l l  v i s ion ;  irr f ac t ,  t he  episode o f  f l ow deo r i va t i on  was com- 

p l e ted  before the actua l  v i sua l  f i e l d  decay reached peak. This 

observat ion was cons is tent  f o r  a l l  subjects.  

6.5.2 GOR Results 

No ramp UC, comyensatory response was noted f o r  .1 G/sec GOR's. 

I n  a l l  cases, re t rograde b lood  f low preceded degradation o f  v i s ion .  

A t y p i c a l  GOR response i s  shown i n  Figure 29. Retrograde b lood 

f low began when eye l e v e l  d i a s t o l i c  pressure decreased t o  25 mmHg. 

Zero f low was recorded when s y s t o l i c  pressure decreased below 

50 mnHg (mean = 20 mnHg). Time delay between commencement o f  

negat ive mean f low and v isua l  degradatior! ranged from f o u r  t o  
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e i g h t  seconds f o r  a l l  sub jec t s -  T i w  t o  b lackout  from zero f low ranged 

from fou r  t o  n i ne  seconds f o r  a l l  sub jects .  

6.5.3 Var iab le  G Run Results 

The temporal a r t e r i  a1 f l ow s igna l  provided, w i  t hou t  exception, 

advanced i n d i c a t i o n  of v i sua l  degradation. Flow ve loc i  t y  and 

d i r e c t  eye l e v e l  b lood  pressure were again observed t o  change 

synchronously thus permi tti ng re1 i ance on the non-i nvasi  ve method 

r a t h e r  than i ns  t r u s i  ve d i  r e c t  b lood  pressure f o r  ob j e c t i  ve data. 

Dur ing the f i v e  major changes i n  acce le ra t ion  i n  F igure 30, v i sua l  

f i e l d  change lags b lood f low and pressure by several  seconds. Length 

o f  t ime a t  re t rograde and zero f l ow suggests ex ten t  o f  v i sua l  f i e l d  

change. 

6.6 App l i ca t ions  t o  G P ro tec t ion  Technique Evaluat ion 

Dur ing several  o f  the p rev ious ly  repor ted experiments t h e  

sub jects  were asked t o  perform s t r a i n i n g  maneuvers a t  G i n  at1 

e f f o r t  t o  eva luate the  use o f  the temporal a r t e r y  f low + *mat ion 

as an i n d i c a t o r  o f  p r o t e c t i  ve mancuver e f f e c t i  veness . S e ~ r r a l  sub- 

j e c t s  were a lso  asked t o  wear A i r  Force cutaway g -su i t s .  Two types 

o f  s t r a i n i n g  maneuvers were employed. The Valsal  va type, c a l l e d  

an L-1 maneuver, cons is ts  o f  f o r c i n g  the lungs against  a  c losed 

g l o t t i s ,  whereas the M-1 maneuver requi res a  forced e x p i r a t i o n  w i t h  

slow re lease of  a i r  ( g run t ) .  Both exercises produce an increase 

i n  t ho rac i c  pressure thereby mi n t a i n i n g  improved cerebra l  c i  r cu l a -  

t i o n  a t  h igh  G (Shubrooks, 1973) 





Two protocols were used i n  an e f f o r t  t o  gain ob jec t ive  eval ua- 

t i o n  of the Doppler method. For one L-1 run the subject was 

i ns t ruc ted  t o  begin s t r a i n i n g  a t  the s t a r t  o f  a run and main- 

t a i n  a rhythm o f  quick i nha la t i on  fol lowed by a per iod o f  forc ing,  

then quick exhalat ion and repeat. I n  another t e s t  the G p ro tec t i ve  

maneuver was i n i t i a t e d  on comnand o f  the medical monitor a f t e r  

ob jec t ive  analysis o f  temporal blood f low. The subject wzs i n -  

s t ruc ted  no t  t o  a l low the centra l  red l i g h t  t o  dim beyond 50%. 

6.6.1 Results - St ra in ing  Maneuvers 

The Doppler in format ion provided ob jec t i  ve ind' ca t i on  o f  

cardiovascular s tatus during the  L-1 maneuvers and the  g-su i t  i n -  

f l a t i o n s ;  however, the grunt ing noise o f  the M-1 produced i n t e r -  

ference i n  the Doppler information. Vibrat ions o f  the s k u l l  dur ing 

loud vocal outbursts are sensed as motion by the Doppler probe 

and because l i t t l e  t i ssue  ex i s t s  below the temporal a r te ry ,  there 

i s  l i t t l e  at tenuat ion o f  sku l l  v ib ra t ions .  An operator w i t h  a 

t ra ined ear can detect the cha rac te r i s t i c  changes i n  f low patterns; 

however, the Doppler e lec t ron ics  used f o r  these tests can n o t  

e a s i l y  d iscr iminate between voice and blood flow. 

Results o f  an L-1 maneuver are shown i n  Figure 31, The G 

l eve l  chosen f o r  t h i s  subject was 0.7 G h igher  than h i s  normal 

tolerance - he would have eas i l y  blacked out wi thout  the L-1. 
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Heart leve l  blood p ~ s s u r e  re f l ec t s  the increased i n t ra tho rac i c  

pressure during the f i r s t  s t r a i n  on ramp up. Blood f low p a r a l l e l s  

the blood pressure signals, rhythmical ly  increasing dur ing s t r a i n  

and shows s i g n i f i c a n t  retrograde a c t i v i t y  during exhalat ion and 

i nha la t i on  phases. Comnenting on the condi t ion o f  h i s  v i s i o n  

during the run, the subject reported "my l i g h t s  kept going i n  and 

out."  He reported an apparent time l a g  between increased lung 

pressure and visual f i e l d  return, thus supporting the  previous 

findings w i t h  the G i  l l ingham l i g h t  bar  reported i n  Section 6.5. 

Poor performances o f  the L-1 technique by some subjects were 

cons is ten t ly  r e c o g i z e d  by abnormally long periods o f  retrograde 

o r  zero f low whi le  the  subject toak too long t o  take i n  a new 

breath. 

6.6.2 Results - G-Suit 

E f f e c t  o f  g-sui t i n f l a t i o n  on temporal a r t e r i a l  blood flow 

i s  shown i n  Figure 32. Non-directional blood flow i s  compared w i th  

g -su i t  pressure. As seen i n  the f igures a t  (a )  retrograde f low 

begins l a t e  i n  d ias to le  as the G force increases i n  a 0.1 g/sec GOR. 

When the g-su i t  i s  suddenly pressurized a t  (b) retrograde f low disappears, 

s i g n a l l i n g  the a r r i v a l  o f  more blood from the lower extremeties 

and increased eye leve l  blood pressure. As the G force continues 

t o  increase retrograde f low resumes a t  (c) ,  however, a t  a l a t e r  

time than i f  no g-sui t had been used. 





An ob jec t ive  comparison o f  g-sui t and L-1 ef fect iveness w i t h  

unassisted (relaxed) runs i s  shown i n  Figure 33. Run 1 was t e r -  

minated by the subject a t  50% CLL. Note tha t  temporal Doppler 

shows the same ob jec t ive  end point .  During Hun 2 the medical moni- 

t o r  ac t iva ted  g-su i t  pressure upon ob jec t ive  evaluat ion o f  Doppler 

signals. Blood flow immediately resumes and maintains an un- 

a1 te red  peak vel oc i  t y  u n t i  1 the run was automati ca l  l y  termi nated 

a t  6.9 G. (The resp i ra t i on  induced changes i n  f low seen before 

i n f l a t i o n  are no t  present dur ing the g-su i t  ac t iva t ion .  ) The s. '  - 
j e c t  reported 25% CLL a t  time o f  g-sui t a c t i v a t i o n  w i t h  re tuv  of  

f u l l  v i s i on  w i t h i n  three seconds. Upon ob jec t ive  analysis o f  f low 

signals i n  Run 3 the subject was asked t o  begin an L-1. Imnediate 

re turn  o f  f low i s  noted fol lowed by the cha rac te r i s t i c  f low changes 

observed e a r l i e r  i n  Figure 31. As 7 G approached the subject had 

d i  ff i cu l  t y  maintaining h i s  s t r a i n i n g  effect iveness as evidenced 

by diminished flow ampli tude and longer periods o f  zero flow. The 

subject reported per iod ic  a1 te ra t ions  i n  v isual  f i e l d  dur ing the 

l a s t  p a r t  o f  the run. 

6.6.3 Results - Ti l t -Back Seat 

Temporal a r te ry  blood f low accurate ly predic ted v isual  degra- 

dat ion f o r  a1 1 subjects a t  a l l  three seat-back angles (13", 45", 

65"). A1 1 subjects reached protocol maximum o f  7.0 G a t  the 65" 

back angle wi thout  v isual  f a i l u r e  o r  f low cessation. Typical 
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resu l t s  f o r  13", 45" and 65" are presented i n  Figures 34, 35 and 36 

respect ive ly .  A t  13" blood f low ceased three seconds before onset 

o f  f i n a l  v isual f i e l d  change a d seven seconds before blackout a t  

5.9 G. Consistent d i a s t o l i c  f low reversal began a t  2.6 G. A t  45" 

the run terminated a t  6.2 G a f t e r  4.5 seconds o f  zero f low. Visual 

5.5 seconds a f t e r  zero flow even f i e l d  rap id l y  decayed begi nni ng 

though cent ri fuge was decelerat 

loss was minimized by re turn  o f  

Retrograde d i  as to1 i c f low began 

ing. Durat ion o f  maximum v 

forward f low and reduced G 

a t  3.2 C. A t  the 65' back 

i s i o n  

load. 

angle 

peak ve loc i t i es  a t  systo le remained f a i r l y  constant throughout the 

run w i th  no v isual  end po in t  o r  major change i n  v i s ion  reported by 

subject.  Reverse f low began a t  4.2 G. 

6.7  Safety 

During the m r e  than 1000 runs a t  NASA-wmes and over 300 runs 

a t  USAFSAM no subject reached unconsciousness wi thout  a per iod  o f  

a t  l eas t  13 (range 13 t o  23) seconds o f  negative mean o r  zero flow. 

The flowmeter a lso x t e d  as a good backup t o  EKG as a safety 

moni t o r i  ng devi ce. 

EKG and hear t  ra te  signals recorded dur ing the rap id  onse' 

run i n  Figure 37 do not  reveal t ha t  the hear t  was pumping .a t  one- 

ha1 f the EKG r a t e  as seen i n  the f low recording. The condi ti on, 

pulsus alternans, was ever! m r e  evident i n  subsequent GOR and GOG 









runs. EKG record for the GOR, Figure 38, shows an initial a1 tera- 

tion i n  rate a t  start o f  run; however, nothing in EKG for heart 

rate could explain the a1 ternating visual field experienced betwen 

2 G and visual end point. Reference to the blood flow waveform 

explains the problem - a relatively weak flow signal a t  one-half 

the EKG rate. During the variable G run, Figure 39, flow is present 

only every other EKG pulce. Reliance on the EKG alone would not  

have revealed this physiological condition. 
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FLOW VELOCITY, 7'EMPORAL ARTERY 

PERIPHERAL VISION 
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HEART RATE 
2SOr BEATS PER MINUTE 

Figure 37 .  Tem~oral b l  ocd f low recordinc reveal s 
nulsus a1  ternans 3 w i n g  r a p i d  onset run 
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7.1 Co r re l a t i on  w i t h  D i rec t  Eye Level Blood Pressure -- 
The o b j e c t i v i t y  o f  the new method was supported i n  each exper i -  

ment. Eye l e v e l  b lood pressure and temporal a r t e r y  f low v e l o c i t y  

dwri ng rap i  ci onset, gradual onser and var iab le  G p r o f i  l e s  cons i s  t e n t l y  

i nd i ca ted  ob jec t i ve  end po in ts .  Good c o r r e l a t i o n  between f l ow  

v e l o c i t y  and pressure shows t h a t  the vessel res is tance change i s  

no t  s i g n i f i c a n t  dur ing +Gz. S t a r t  of re t rograde f l ow  co inc ided 

w i t h  a drop i n  d i a s t o l i c  pressure below 25 25 mHg. Although eye- 

hea r t  d is tsnce was no t  measured f o r  these subjects ,  a negat ive 

pressure grad ient  i n  d i as to l e  can be hypothesized. Assurai ng a 

nominal 33 cm eye t o  hear t  d is tance and 80 mnHg d i a s t o l i c  pressure, 

reverse pressure grad ient  w w l d  e x i s t  above 3.3 G ( a t  3.3 G 3 33 cm 

column o f  b lood produces a back pressure on the hear t  o f  80 mnHg). 

Rushmer sugges ted tha t  a lower cerebra l  sp ina l  f l u i d  pressure pro- 

v ided a siphon e f f  let t o  mainta in  a p o s i t i v e  pressure grad ient  

t o  he1 p mainta i  n cerebra l  per fus ion.  Results us ing the c a r o t i d  

f low probe tend t o  support Rushmer's hypothesis. Caro t id  f l ow  

e x h i b i t e d  retrograde f low on ly  dur ing  the per iod  o f  maximum re- 

versa l  i n  the temporal a r te ry ;  however, forward c a r o t i a  f l ow  re -  

sumed very qu i ck l y  wh i le  the t c m p ~ r a l  f low ceased. The c a r o t i d  

a r t e r y  appeared t o  be in f luenced  by a l oue r  pressure i n  the cere- 

b r a l  bed, as measured by Rushmer, w h i l e  the externa l  a r t e r y  was 



more i n f l  uenced by hydros ta t ic  pressures. Expl anat i  on o f  the good 

co r re la t i on  between r e t i n a l  a r te ry  f l w and temporal a r te ry  f low 

i s  more d i f f i c u l t .  Retrograde flow and f lw  cessation i n  r e t i n a l  

blood vcssels as prev iously  described by Duane ( 19541 and Leverett  

(1971) coincides w i th  these f ind ings i n  the temporal ar tery.  

Several branches o f  the opthalmic and super f i c i a l  temporal a r te r i es  

are i n  close prox imi ty  as seen i n  Figure 40. Several branches o f  

the super f i c i  a1 temporal a r te ry  do anastomose w i t h  the  lacr imal  

and supaorbi t a l  brsnches o f  the opthalmi c a r te ry .  This suggests 

some hydros ta t ic  comnonal i t y  between r e t i n a l  and temporal a r te r ies .  

The r e t i n a l  a r te ry  observations o f  Duane and Leveret t  sup- 

ported the ea r l y  hypothesis o f  Andina t h a t  b l a c k c ~ t  was caused by 

exsanguination o f  the r e t i n a l  a r te ry  when eye leve l  pressure be- 

came less than i n t raocu la r  pressure. That i n t raocu la r  pressure 

i s  the so le  cause o f  f low cessation a t  20 mHg cannot be supported 

by the f ind ings o f  t h i s  work. Flow i n  the super f i c i a l  temporai 

a r te ry  a lso ceases a t  20 mnHg. It i s  doubtful t ha t  i n t raocu la r  

pressure i n  excess o f  r e t i n a l  a r t e r i a l  pressure, even i n  the 

presence o f  anzq tomosis, could have s i  gni f i c a t  e , f fec t  on super- 

f i c i a l  pressure i n  the temporal a r te ry .  The cessation o f  f o w a r d  

flow i s ,  therefore, assumed t o  be re la ted  t o  attainment o f  c r i t i c a l  

c los ing  pressures o f  branches o f  the temporal a r te ry  (Nichol, 

1951). 



JJ  

Figure 40. Proximity o f  branches of the 

temporzi ?nd opthalmic a r t e r i e s .  



7.2 Corre lat ion w i t h  V ~ s u a l  End Points 

I n  the experiments a t  Ames Research Center using inexper i -  

enced subjects, twenty percent o f  the subjects reported end points  

which d i d  not  coincide w i t h  blood flow data. The experiments a t  

USAFSAM suggested t h a t  inexperience, fear, boredom, etc. were 

causes f o r  discrepancy a t  Ames. Even some experienced subjects 

reported ea r l y  end points  i n  the gradual onset p r o f i l e s  as re-  

ported i n  Section 6.3. However, when the medical m n i  t o r  deter- 

mined the end points  f o r  these same subjects i n  a subsequent run - 
based ob jec t i ve l y  on Doppler flow data - a l l  subjects reported 

agreement w i t h  the ob jec t ive  end point .  kcause no subject became 

unconscious o r  reported v isual  degradation beyond 60% CLL i t  was 

concluded tha t  the Doppler method could be used as an ob jec t ive  

end poi n t  c r i t e r i o n .  

Eye l eve l  blood f low response t o  ROK ind ica ted  cardiovascular 

compensation time t o  G - i  nduced increase i n  hydros ta t ic  pressure 

i s  three t o  f i v e  seconds. If the plateau G l eve l  a f t e r  a rap id  

onset i s  s u f f i c i e n t  t o  cause a ne t  negative o r  zero f low f o r  f ou r  

t o  seven seconds, blackout w i  11 occur before the system compen- 

sates by supplying oxygenated b'lood t o  the r e t i n a l  a r te ry .  During 

GOR t n i s  compensatory response i s  avoided thus permi t t ing  higher 

G accelerat ion leve ls  t o  produce blackout. This observation 

suggests tha t  each subject may have an optimal onset rate;  however, 

data t o  support t h i s  hypothesis was not  obtained. 



The GI 11 ingham l i g h t  bar  provided the most d e f i n i t i v e  corre la-  

t i o n  o f  visual and cardiovascular deter iorat ion.  Eye level flow 

changes always preceded the onset o f  v isual  f i e l d  change. Some sub- 

jec ts  detected the existence o f  f lash ing per1 pheral l i g h t s  even 

a f t e r  experiencing a diminished center red l i g h t .  Flow data f o r  

these subjects supported the 1 dss o f  centra l vis ion.  Sensi ti v i  ty 

t o  a f lash ing stimulus a f t e r  diminished centra l  v is ion  suggests 

tha t  thought be given t o  l i g h t  i n t e n s i t y  o f  the f lashing s t i m u l i i  . 

7.3 Comparison t o  Ear Opacity End Points 

Reports on the photoelectr ic  ear opacity end po in t  technique 

ind ica te  good concurrence w i t h  b l  ackout . O f  a1 1 the noninvasive 

methods r e v i a e d ,  ear opaci ty  measurement most c lose ly  compares 

w i t h  the new temporal a r te ry  Doppler technique. Flow reversal 

was found t o  be a h igh ly  s i g n i f i c a n t  precursor t o  cardiovascular 

de ter i  o r i  r a t i o n  i n  t h i s  study, however, the ear pulse, derived 

photometrical l y  , cannot reveal f low reversal.  An experiment t o  

es tab l ish  the re la t ionsh ip  of flow i n  the external vessels o f  

the ear t o  temporal a r te ry  f low would be desirable. Results o f  

t h i s  study ind ica te  t h a t  presence o f  reversal i n  d iasto le,  which 

i s  eas i l y  dist inguished i n  both the graphic and audio recordings, 

provides important warning o f  imper,di ng v i  sua i f a i  1 ure. 



7.4 L imi ta t ions  

Appl icat ion o f  the Doppler probe requires some s k i l l  and 

patience. Care must be taken t o  obta in an optimal f low s ignal  be- 

fore f i x i n g  the device on the skin. Poor transmission o f  the 

u l t rason ic  beam created by i n s u f f i c i e n t  use o f  gel o r  a i r  entrap- 

ment w i l l  produce poor resu l ts .  Heavy sweating may cause the 

taped-on sensor t o  come loose. Two hours seemed t o  be a reasonable 

time t o  expect good adherence i n  the cent r i fuge envi ronment. I n  

high noise environments o r  during an M-1 maneuver, add i t iona l  

frequency coqponents are sensed and included i n  the output 

s ignal .  Use i n  a j e t  a i r c r a f t  cockpi t  would be l i m i t e d  by current  

e lec t ron ics  techno1 ogy . The method i s  qua1 i t a t i  ve ra the r  than 

quan t i t a t i ve  because blood vessel diameter i s  not  determined. 

Since i t  i s  no t  expected tha t  the temporal a r te ry  would cons t r i c t  

i n  the hypoxic condit ions o f  t h i s  stress, f low ve loc i t y  i s  probably 

a good analog o f  flow. 

Appl icat ion t o  other  operat ional s i tua t ions  such as 1-1 

maneuver, g-sui t ,  and t i l t - b a c k  seat i n  add i t ion  t o  the more comnon 

relaxed centr i fuge runs has been adeqwtely  explored i n  t h i s  study 

t o  recomnend i t s  use as an ob jec t ive  tolerance measurement tech- 

nique. I f  adequate safeguard t o  blackout o r  reentry  during s h u t t l e  

cannot be guaranteed, t h i s  sensor should be evaluated f o r  use as a 

safety m n i  t o r i  ng yocedure. 



8.0 CONCLUSlONS 

The transcutaneous Doppler u l t rason ic  flowmeter moni t o r i  ng 

temporal a r te ry  blood flow ve loc i ty  appears t o  be a r e l i a b l e  tech- 

n i  que fo r  rneasuri ng cardiovascular status and p red ic t i ng  v isual  

f a i l u r e  during +Gz accelerat ion. Cardiovascular status as indicated 

by eye l e v e l  blood pressure has been wel l  corre lated w i th  chanzes 

i n  eye leve l  blood f low and object ive visual changes reported by 

experienced centr i fuge subjects . V f  sual changes e f fec ted by +Gz 

accelerat ion were consistent ly  preceded by easi l y  recogni zab l e  

changes i n  the  graphic and audio recordings from the Doppler f lw- 

meter. D ias to l i c  retrograde flow leading t o  negative mean flow 

and eventual cessation provi de graphic clues several seconds p r i o r  

t o  visual degradati on and f a i  lu re .  The accompanying audi o s i  gnal 

changes are d i s t i n c t i v e  and serve to  warn the medical monitor t h a t  

cardiovascular status i s  deter iorat ing.  

The method has been successful l y  demonstrated dur i  nS rap id  

onset, gradual onsst, and var iable G stress. It has fu r t i t *  3- 

v i  ded an ob jec t ive  i r rd ica t i  on o f  G tolerance during 1-1 ,'+il ~ L P .  6, 

g-sui t i n f l a t i o n  and evaluat ion o f  a1 lc red seat b a c ~  angle;. 

The ob jec t ive  nature o f  the method fu r the r  suggests i t s  

dur i  ng G to1 erance tes ts  i nvol v i  ng t rack ing  tasks o r  other ac t  r l  t i e s  

requ i r ing  visual at tent ion.  I t  should also be considered as a 

sa fe ty  moni to r i ng  procedure during reentry i f there i s  doubt about 

a space passenger's cardiovascular status. 
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