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t' Ire than 90 years 

1 n t  roduct ion 

continuous asc i  1 l a t  ions in p o t e n t i a l  

d i f fe rences  were f i r s t  recorded across the  scalp o f  man (Caton, 1875). 

These o s c i l l a t i o n s  were c a l l e d  the electroencephalogram by Berger (1929), 

who observed the  broad r e l a t i o n s h i p  between r e g u l a r i t y  of these waves and 

c l o s i n g  the eyes. 

r e l a t e  the  EEG t o  f i n e r  aspects of consciousness. 

These e a r l y  f i nd ings  l ed  t o  e n t h u s i a s t i c  endeavors t o  

D is i l lus ionment  fo l lowed 

r a p i d l y  in  a n  era  where eva lua t i on  o f  t h e  records rested on v i s u a l  inspection. 

T h e i r  inherent  complexity has challenged the  i n v e s t i g a t o r  t o  seek evidence 

o f  t h e i r  pa t te rn ing  through the use o f  inc reas ing ly  soph is t i ca ted  mathematical 

analyses (Grey Walter, 1950; Siebert e t  al., 1959; Burch, 1955; Adey and 

Walter, 1963; Wal ter  and Adey, 1963, 1965; Adey, 1965). The power of spec t ra l  

and o ther  times se r ies  analyses (Blackman and Tukey, 1959), used in  con- 

j u n c t i o n  w i t h  the  modern d i g i t a l  computer, has made i t  feas ib le  t o  t e s t  

no t ions  of bas ic  i n t e r r e l a t i o n s  between EEG pa t te rns  and spec i f i ed  behaviora l  

ac ts ,  i nc lud ing  learned performances (Walter, Rhodes and Adey, 1965) . 
Nevertheless, widespread doubts have pe rs i s ted  t h a t  t he  EEG would 

eve r  be es tab l i shed as having a bas is  in  the t ransac t i on  and r e c a l l  of  

in fo rmat ion  in  cerebra l  systems, and t h a t  it, i n  fac t ,  might be merely a 

no ise  there in .  Moreover, the  d i f f i c u l t i e s  i n  i t s  a c q u i s i t i o n  w i t h  o ide r  , 
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transducing techniques in inexperienced hands lent credence to the view 

that it would be impractical to rely on it as a physiological monitor in 

the aerospace envirorupent. Developments in the past five years have essen- 

tial ly demo1 ished these 1 ingering shibboleths. 

a variety of anesthetized (Fuj ita, 1364) and unanesthetized (Creutzfeldt, 

Fuster, Lux and Nacimfento, 1965; Elul, 1965) preparations have indicated 

a series of precisely definable relationships in the genesis of the EEG 

as a wave process at the cellular level, so that it can no longer be 

considered as a randm process unrelated to the cellular transaction of 

information. Use of electrodes free from contact potential and making 

only a sliding scalp contact, yet remaining artifact free, has eliminated 

the bogey of adhesive or penetrating scalp contacts (Kado, Adey and Zweizlg, 

1969, and together with microminiature circuitry, has laid a f nn foundation 

for the direct monitoring of central nervous activity as a high y meaningful 

measure of behavioral state. 

Intracellular recording in 

With seemingly endless individual variations in EEG patterns, we 

have established a comnon baseline in a population of astronaut candidates, 

not merely in broad shifts of consciousness, but in the performance of 

vigi lance tasks, and in progressively finer discriminative visual performances 

that simulate closely the very conditions of critical Judgment requirements 

in aerospace flight. 

to these initial spectral analyses have allowed computer recognition of 

inter- and intrasubject factors that del ineate these states of consciousness 

with considerable precision, using minimal numbers o f  EEG channels, and a 

small number of variables within each channel (Walter, Rhodes and Adey, 1965). 

Subsequent application of pattern recognition techniques 
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On t h i s  basis, i t  becomes f e a s i b l e  t o  spec i f y  the  requirements f o r  on- l ine  

techniques su i ted  t o  the medical 

the  needs o f  a p i l o t  warning 

computer ana lys i s  of the EEG, w i t h  d i s p l a y  

monitor, o r  w i t h  an i n - f l i g h t  computer, t o  

system. 

App l ica t ions  of t he  bas ic  analys 

an ast ronaut  i n  s ta tes  o f  sleep and wakefu 

be descr i bed. 

s techniques t o  EEG data from 

ness in  Gemini f l  i g h t  GT-7 w i  11 

2. Essent ia l  na ture  o f  the electroencephaloqram: i t s  c e l l u l a r  o r i g i n s  

I n t r a c e l l u l a r  record ing i n  unanesthetized c o r t i c a l  neurons in  our 

labora tory  (Elul,  1965; Adey and E lu l ,  1965) has revealed a la rge  wave process, 

from 5 t o  15 m i l l i v o l t s  i n  amplitude, which appears t o  a r i s e  i n  the d e n d r i t i c  

branches of  the  c e l l ,  r a t h e r  than i n  the  soma (Fig, 1). Spect ra l  ana lys i s  

o f  t h i s  wave process has ind ica ted  t h a t  i t s  dens i t y  d i s t r i b u t i o n  c l o s e l y  

fo l lows t h a t  o f  the  EEG recorded gross ly  i n  the same domain o f  t issue.  

Despi te  t h i s  s i m i l a r i t y  o f  dens i ty  contours, ca l cu la t i ons  o f  coherence 

(Walter, 1963) between the i n t r a c e l l u l a r  and gross EEG records have shown 

t h a t  there  i s  v i r t u a l l y  no 1 inear  r e l a t i o n s h i p  between the two processes, 

so t h a t  t he  popu la t ion  o f  neuronal generators appear t o  be independent and 

non-1 i n e a r l y  re la ted  (Eiul,  1965) . The wave process recorded e x t r a -  

c e l  l u l a r l y  a r i s e s  f rom generators no l a r g e r  than c e l l u l a r  dimensions 

(E lu l ,  1962), and has an ampli tude less than one hundredth o f  the  i n t r a -  

c e l l u l a r  wave process. E l u l  has suggested t h a t  the  occurrence o f  a rhythmic 

EEG as the  i n t e g r a l  o f  a c t i v i t y  i n  such a popu la t ion  o f  independent and 

non-1 i n e a r l y  re la ted  generators may be mathematical ly modeled in  terms o f  

t he  c e n t r a l  l i m i t  theorem o f  Cramer (1955). 
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This  c e l  

th-. t ransact  ion o f  

u l a r  , ) r i g i n  s t rnng ly  suggests ir v i t a l  re  

infarmat ion i n  cerebra l  t i ssue,  no t  n l y  

of broad aspects o f  sleep end wakefulness, hut a l s o  i n  f i n e  

a t  i nnsh i p t o  

i n  the course 

processes o f  

focused a t t e n t i o n  and d i s c r i m i n a t i v e  judgment. Th is  hyp9thesis i s  b;rne 

out  i n  th: normative 1 i b ra ry  frm 50 astronaut  candidates desc r i t ed  berow. 

3. Spectra l  methods o f  ana lys is ;  eva lua t ion  o f  f i n e l y  s h i f t i n g  

power d i s t r  i but  ions and ccinponents shared between channe 1 s 

The EEG represents an e s s e n t i a l l y  continuous spectrum o f  frequencies 

from under 1 cyc le  per  second t o  w e l l  over 50 cycles pe r  second. Functions 

r e l a t i n g  i n t e n s i t y  t o  frequency i n  any one lead are  c l a s s i f i e d  as autospectra, 

whereas crossspectra descr ibe shared i n t e n s i t i e s  across a band o f  frequencies 

(\la1 te r ,  1963). Both analog and d i g i t a l  spec t ra l  analyses have been appl ied 

t o  EEG records. Problems o f  designing phys ica l  f i l t e r s  w i t h  app rop r ia te l y  

narrow s k i r t  c h a r a c t e r i s t i c s  have led t o  the development o f  d i g i t a l  f i l t e r s ,  

i n  which the d i g i t a l  computer provides weight ing f a c t o r s  by which the  t ime 

f u n c t i o n  i s  m u l t i p l i e d .  The sum o f  these products i s  taken as the output  

o f  the d i g i t a l  f i l t e r .  

a narrow passband c h a r a c t e r i s t i c ,  as  i n  an analog f i l t e r ,  o r  the  a p p l i c a t i o n  

o f  a se t  o f  d i g i t a l  f i l t e r s  t o  a func t ion  o f  t ime can be viewed as a d i s c r e t e  

ve rs ion  o f  a Four ie r  t ransform (Walter, 1963; Adey, 1965). 

The weighting func t i on  can be considered as having 

I t  i s  in  our capaci ty  t o  p r e c i s e l y  spec i f y  the bandpass charac- 

t e r i s t i c s  o f  the  d i g i t a l  f i l t e r ,  p a r t i c u l a r l y  i n  the low frequency range 

between 0.5 and 10 cyc les per  second, t h a t  has es tab l i shed i t s  s u p e r i o r i t y  

over  analog methods. Since i t s  phase s h i f t  i s  zero, i t  has become poss ib le  

t o  measure f o r  the f i r s t  t ime t h e  phase r e l a t i o n s  between EEG wave t r a i n s  



a t  each frequency across the  spectrum, as we l l  as shared ampli tudes between 

them a t  each frequency. 

funct ion,  as a measure o f  s t a t i s t i c a l  v a r i a b i  1 i t y  i n  1 inear  i n t e r r e l a t i o n s h i p s  

between b r a i n  regions. I t s  magnitude may be expressed: 

Th is  has led us t o  the c a l c u l a t i o n  o f  the coherence 

coh( f )  = MAGS ( f ) / A S X ( f )  A S Y ( f )  

where MAGS( f )  i s  the mean cross spec t ra l  magnitude a t  frequency f and ASX!f) 

i s  the autospectrum o f  X and A S Y ( f )  the  autospectrum o f  Y, a t  the respect ive 

frequencies. The coherence func t i on  i s  expressed between 0 and 1, and i s  

a measure o f  the l i n e a r  p r e d i c t a b i l i t y  o f  a c t i v i t y  in  any area, on the 

bas is  o f  knowing the a c t i v i t y  in  any o the r  area, o r  se r ies  o f  o ther  areas. 

As we s h a l l  see, i t  i s  a most valuable measure o f  changing b r a i n  o rgan iza t ion  

in focused a t ten t i on ,  emotional arousal, f a t i gue  and sleep, even w i t h  minimal 

numbers o f  channels f o r  comparison, as i n  the  recent Gemini GT-7 f l i g h t .  

4. Development o f  simple pa t te rn  recogn i t ion  techniques 

based on d isc r im inant  ana lys i s  

Use o f  the  spec t ra l  ana lys is  methods described above has, i n  i t s e l f ,  

a l lowed recogn i t i on  o f  pa t te rns  i n  the EEG, simply from the a b i l i t y  t o  

compress onto a s i n g l e  contour p l o t  many minutes o r  several hours o f  raw 

records, wh i l e  r e t a i n i n g  a l l  re levant  d e t a i l s  t h a t  might  be q u i t e  t r a n s i e n t  

and l a s t  bu t  a few seconds @!alter and Adey, 1965; Adey, 1965). 

Such p l o t s  a re  t o o  complex f o r  easy use by the f l  i g h t  monitor, 

however, and have prompted development o f  simple p a t t e r n  recogn i t ion  tech- 

n iques w i t h  d isc r im inant  ana lys i s  (\!alter, Rhodes and Adey, 1965). Using 

t y p i c a l  m a t r i x  methods, i t  has been poss ib le  t o  secure a computed c l a s s i f i c a t i o n  
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o f  the va r iab les  t h a t  best  spec i f y  s ta tes  ranging fran simple wakefulness, 

through the  EEG co r re la tes  o f  v ig i l ance  task  performance, t o  the de tec t i on  

o f  d i f f e rences  accompanying progress ive ly  b r i e f e r  and more d i f f i c u l t  v i s u a l  

d isc r im ina t ions .  

simultaneously, as we l l  as t o  t h e i r  records i n d i v i d u a l l y .  

The method was appl ied t o  data from a se r ies  of subjects  

Th is  method was app l i ed  t o  the outputs  o f  t he  i n i t i a l  spec t ra l  

analyses, and as the  r e s u l t s  below ind ica te ,  the method ind ica tes  the  

f e a s i b i l i t y  o f  a r e l i a b l e  recogn i t ion  technique, and c o m p a t i b i l i t y  w i t h  

on- l ine  analysis. A t  t h i s  stage, p a r t i c u l a r  value has rested i n  d i r e c t i n g  

a t t e n t i o n  t o  the smal numbers o f  data channels and va r iab les  on which 

r e l i a b l e  dec i s ion  mak ng might rest. Moreover, the method requi res on ly  

sho r t  epochs o f  data, probably as l i t t l e  as 30 seconds. 

5. App l ica t ions  i n  basel ine ana lys is ;  the normative EEG l i b r a r y  

I t  has long been a mat ter  o f  concern t h a t  d e f i n i t i o n  o f  EEG 

pa t te rns  has rested, no t  on l y  on the sub jec t i ve  op in ion  o f  the inves t iga tor ,  

bu t  also on wide i n d i v i d u a l  v a r i a t i o n s  i n  apparent ly  normal subjects. We 

have, therefore,  sought t o  e s t a b l i s h  by computer ana lys i s  the presence o f  

c m o n  EEG f ac to rs  in  a s i g n i f i c a n t  popu la t ion  o f  ast ronaut  candidates, 

bo th  i n  r e l a t i o n  t o  task  performances and in  assessment o f  sleep states. 

In d e t a i l e d  s tud ies  t o  be repor ted elsewhere (\.!alter, Rhodes, 

Kado and Adey, 1966), a ser ies  o f  200 ast ronaut  candidates were tes ted  

i n  a ser ies  o f  perceptual and learn ing  tasks, by means o f  a programming 

device, developed in our laboratory, and us ing  a magnetic tape command 

system t o  ensure accurate t i m i n g  i n  task  presenta t ion  from one subject  t o  

the  nex t  (Fig. 2). Subject t e s t i n g  and EEG record ing were performed by 



Dr. P. Kellaway and D r ,  R. Maulsby, a t  t he  Methodist Hosp i ta l ,  Houston. 

Phys io log ica l  data was recorded on magnetic tape, together  w i t h  t he  c m n d  

s ignals ,  fo r  subsequent computer analys is .  Th is  data c o n s t i t u t e s  a normative 

l i b r a r y ,  and includes no t  on l y  18 EEG channels from a l l  sca lp  areas, bu t  

a l s o  the  electrooculogram (EOG) , elect rocard iogram (EKG) , ga lvan ic  s k i n  

responses (GSR) and resp i ra t ion ,  

A se r ies  of 50 sub jec ts  were se lected a t  random from the t o t a l  

of  200, and in tens i ve  spec t ra l  analyses performed. Each hour o f  subject  

data requi red 25 hours o f  main computation time, wherein m u l t i p l i c a t i o n s  

were performed a t  approximately 500,OO per  second, thus i n d i c a t i n g  the scope 

o f  t h e  analys is .  Moreover, t h i s  comprehensive ana lys i s  appears w e l l  j u s t i f i e d ,  

in  t h a t  it has al lowed s e l e c t i o n  o f  va r iab les  f o r  a poss ib le  on - l i ne  system 

t h a t  w o u l d  be f a r  l ess  demanding i n  computer requirements. 

To synthesize the data, an averaging procedure was adopted on 

the spec t ra l  outputs, covering a l l  50 sub jec ts  in  the var ious t e s t  s i t u a t i o n s ,  

and i n  se lected s leep epochs. These averages were made f o r  each sca lp  region, 

and a r e  presented as a ser ies  o f  bar graphs (Fig, 3 ) ,  cover ing the  spectrum 

from 0 t o  25 cyc les pe r  second. F i r s t ,  an average was prepared o f  spec t ra l  

d e n s i t i e s  a t  each sca lp  record ing s i t e  f o r  a l l  t e s t  epochs, i nc lud ing  s i t t i n g  

ng 1 per  second f l a s h  s t i m u l i ,  

v i s u a l  d i sc r im ina t i ons  a t  3 second 

f f i c u l t  d i sc r im ina t i ons  a t  1 second 

w i t h  eyes closed a t  res t ,  eyes closed dur 

d u r i n g  an a u d i t o r y  v i g i l a n c e  task, du r ing  

i n t e r v a l s ,  and a s i m i l a r  se r ies  o f  more d 

i n t e r v a l s  (Fig. 3,  top  l e f t ) .  

The contours of these ''lumped" spectra were then used as the mean 

for  comparison w i t h  thz  spectra fo r  the  i n d i v i d u a l  s i t ua t i ons .  The sub- 

sequent graphs in  Fig. 3 thus show the  v a r i a t i o n s  about the  mean es tab l  ished 



! 

8. 

by the  average over 12 s i t u a t i o n s  in t h e  top  l z f t  f i gu re .  Spect ra l  d e n s i t i e s  

above the  mean a t  eny frequency have bars above the  basel ine, and v i c e  versa. 

I t w i l l  be seen t h a t  such a d i sp lay  c l e a r l y  separates spec t ra l  dens i t y  

d i s t r i b u t i o n s  f o r  the 50 sub jec ts  i n  the f i v e  s i t u a t i o n s  shown. 

the d i s t r i b u t i o n s  f o r  more d i f f i c u l t  v i s u a l  d i s c r i m i n a t i o n s  in one second 

(Fig. 3, lower r i g h t )  exempl i fy  trends t h a t  a1 ready charac ter lze  d iscr i rn-  

i na t i ons  made i n  th ree  seconds (Fig. 3,  lower middle). It i s  a l s o  poss ib le  

t o  compare an i n d i v i d u a l  w i t h  the  mean f o r  the group, or  w i t h  h i s  own mean, 

us ing  a two c o l o r  d i s p l a y  technique. 

S i m i l a r  averages were made f o r  30 subjects  i n  var ious  stages o f  

s leep and drowsiness (Fig. 4 and 5). 

average over 7 stages o f  presleep, sleep and post  sleep, and thus became 

t h e  base l ine  f o r  measurement of  variance f o r  i n d i v i d u a l  sleep states. I t  

w i l l  be noted t h a t  s ta tes  o f  drowsiness, and l i g h t ,  medium and deep sleep 

can be r e a d i l y  d i s t i ngu ished  from each other ,  but  t h a t  separat ion o f  deep 

'%low wave" sleep from subarousal with "K-complexes" i s  l ess  c lear .  

i n  p a r t i c u l a r ,  

Here, the mean was es tab l i shed by an 

Discr iminant  ana lys i s  was app l ied  t o  these spec t ra l  outputs  in  

four subjects  (Walter, Rhodes and Adey, 1965), cover ing f i v e  s i t ua t i ons :  

eyes closed a t  rest ,  eyes open a t  rest, an a u d i t o r y  v i g i l a n c e  task, and 

the  two v i s u a l  d i s c r i m i n a t i v e  tasks described above. A computer program 

attempted t o  ass ign each segment t o  the  s i t u a t i o n  from which i t  came, us ing  

measurements der ived  from fou r  EEG channels: l e f t  and r i g h t  p a r i e t o - o c c i p i t a l  

(P3 - 01 and P4 - 02), ve r tex  ( R - C Z ) ,  and b l o c c i p i t a l  (01-02). Each 

channel 's a c t i v i t y  was analyzed i n t o  f o u r  frequency bands, 1.5 t o  3.5 cyc les  

pe r  second (de l ta  band), 3 - 5  t o  7.5 cyc les  pe r  second ( the ta  band), 7.5 t o  

12.5 cyc les per  second (alpha band) and 12.5 t o  25 cyc les per  second (beta 

\ 
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band). 

i n  each channel, mean frequency w i t h i n  the  band ( the  dominant frequency 

when present), band w id th  w i t h i n  the band (an expression o f  the  r e g u l a r i t y  

o f  the dominant frequency), and the  coherence between p a i r s  of channels. 

In  each band, measurements were made o f  the s t rength  o f  a c t i v i t y  

Th is  d i sc r im inan t  ana lys is  program i n i t i a  

measurements f o r  a l l  the segments, and se lec ts  t h a t  

d isc r im ina tes  segments recorded i n  d i f f e r e n t  s i t u a t  

a1 1 measurements and chooses t h a t  parameter which w 

l y  considers a l l  the 

parameter which best 

ons. It then reexamines 

1 1  add most t o  the 

d i s c r i m i n a t i n g  power o f  the  f i r s t  measurement. It ca lcu la tes  f i v e  l i n e a r  

func t ions  o f  those two measurements whose values d i f f e r  as much a s  poss ib le  

among the  s i t ua t i ons .  The program continues t h i s  i t e r a t i o n  o f  se lec t i ng  

and c a l c u l a t i n g  l i n e a r  functions, u n t i l  i n s u f f i c i e n t  improvement i s  made 

by adding another parameter. 

The f o u r  va r iab les  which best d i s t i n g u i s h  among the  f i v e  s i t u a t i o n s  

are: l e f t  p a r i e t o - o c c i p i t a l  alpha i n t e n s i t y ,  the mean frequency o f  t he ta -  

band a c t i v i t y  in the  ver tex,  the coherence i n  the the ta  band between l e f t  

p a r i e t o - o c c i p i t a l  and ver tex,  and coherence i n  the  beta band between ve r tex  

and b i o c c i p i t a l  leads. A d e t a i l e d  account o f  the  respect ive con t r i bu t i ons  

o f  each o f  these va r iab les  t o  t h ?  i d e n t i f i c a t i o n  o f  each o f  these s i t u a t i o n s  

i s  g iven  e l  sewhere (\!!a1 t e r ,  Rhodes and Adey, 1965). 

The separate ana lys i s  o f  each sub jec t ' s  records in  the  same way 

y ie lded  a h igher  p ropor t i on  o f  cor rec t  c l a s s i f i c a t i o n s  than in  the  group 

ana lys is .  

o f  a s i n g l e  sub e c t ' s  samples were c o r r e c t l y  c l a s s i f i e d ,  as contrasted w i t h  

51 per cent f o r  the subjects  simultaneously. 

appeared a f t e r  5 measurements were selected. 

Wi th h i s  own best  f ou r  measurements, between 62 and 69 per  cent 

An even grea ter  d i s p a r i t y  

I n d i v i d u a l l y ,  95, 93, 56 and 
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90 per cent were cor rec t ,  wh i le  f o r  the sub jec ts  together ,  on l y  65 per cent  

were (Fig. 6 ) .  

numer ica l l y  character ized i nd i v idua l  EEG "signature", as t o  which measurements 

a re  most e f f e c t i v e  i n  d i s t i n g u i s h i n g  d i f f e r e n t  s i t ua t i ons ,  

It would appear tha t  each sub jec t  may have a s p a t i a l l y  and 

6 .  Requirements f o r  on-1 ine computation 

On-line ana lys i s  o f  EEG records f o r  c l a s s i f i c a t i o n  o f  behaviora l  

s t a t e  would appear a des i rab le  ob jec t i ve  f r o m  the p o i n t  o f  view o f  the 

medical monitor, o r  f o r  p i l o t  warning in  a n t i c i p a t i o n  o f  de fec t i ve  a t t e n t i o n  

through drowsiness, f a t i gue  o r  problems i n  environmental support. 

The foregoing account has described ana lys i s  methods r e s t i n g  

h e a v i l y  on e labora te  ana lys i s  w i t h  a l a rge  computing system (Fig. 7). 

a comprehensive ana lys i s  appears t o  have been j u s t i f i e d  in  t h a t  i t  has 

a1 lowed successful eva lua t i on  o f  EEG pa t te rns  w i t h i n  and between a popu la t ion  

o f  as t ronaut  candidates, and hopefu l ly ,  has es tab l i shed a needed base l ine  

f o r  use in  f u t u r e  f l i g h t  studies, It has a l s o  ind ica ted  the  f e a s i b i l i t y  o f  

us ing  a small spec ia l  purpose computer t h a t  would deal w th data from 3 or  

4 EEG channels, and achieve a c l a s s i f i c a t i o n  o f  s t a t e  on the bas is  o f  c a l -  

c u l a t i o n s  o f  a small  number o f  var iab les  f o r  each channe , inc lud ing  spec t ra l  

d e n s i t i e s  and band widths, dominant frequencies and coherence functions. 

Such requirements would appear w e l l  w i t h i n  the  cur ren t  s t a t e  of the computer 

a r t .  

f l i g h t  computer c a l c u l a t i n g  spec t ra l  c h a r a c t e r i s t i c s  and app ly ing  weight ing 

f a c t o r s  t o  these c a l c u l a t i o n s  f o r  c l a s s i f i c a t i o n  o f  s t a t e  (Fig. 8). 

a l i m i t e d  amount o f  data would thus be telemetered, t o  then take i t s  p lace  

as a small  p a r t  i n  a l a r g e r  f l i g h t  moni tor ing computer program. 

Such 

Such a system (developed t h e o r e t i c a l l y  by D,O.W.), would invo lve a 

Only 
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7. App l i ca t i on  of these ana lys is  techniques t o  f l i g h t  EEG data 

from Gemini GT-7; p re l im ina ry  eva lua t ion  

Successful EEG record ing from Astronaut Frank BOrman fo r  a per iod  

o f  54 hours i n  the  i n i t i a l  phase o f  Gemini F l i g h t  GT-7 has provided the f i r s t  

oppor tun i ty  t o  evaluate these base1 ine techniques f o r  f l i g h t  monitor ing.  For 

the f i r s t  30 hours, two channels o f  data were recorded, and one channel 

thereaf ter .  As w i l l  be ind icated,  even one channel has provided h i g h l y  

s i g n i f i c a n t  data on sleep and wakefulness. The f l i g h t  data was ava i l ab le  

t o  us f o r  on ly  2 weeks p r i o r  t o  t h i s  meeting, so tha t  a 

has been analyzed, comprehensive d isp lays f o r  the whole 

a re  n o t  ye t  complete, 

though a1  I data 

per iod  o f  54 hours 

The prelaunch per iod  and a subs tan t i a l  p a r t  0. the  f i r s t  o r b i t  

have been analyzed on the  bas is  o f  two consecutive 10 second samples 

approximately every minute, t o  a f f o r d  a f i n e  grained ana lys is  (Fig. 9). 

The prelaunch per iod  was character ized by increased amounts o f  theta 

rhythms (4 t o  7 cycles per  second) than occur normal ly  i n  the r e s t i n g  s tate,  

and may be i n te rp re ted  as r e l a t i n g  t o  s t rong ly  focused a t t e n t i o n  and o r i e n -  

t i n g  responses i n  an undoubtedly novel s i t ua t i on .  A t  one minute before 

l i f t-off, there was an increment i n  t h i s  a c t i v i t y  and in  the h igher  f r e -  

quencies i n  the alpha and beta bands. 

augmented by a f a c t o r  o f  ten over many frequencies in  the per iod  immediately 

preceding and fo l l ow ing  launch, i nd i ca t i ng  a s t rong "arousal  react ion" in  

the  c l a s s i c  neurophysiological  sense. Thereafter, there was a slow decl ine 

in these augmented densi t ies,  w i t h  recurrent  epochs o f  h igher  powers in  the 

h igher  frequency bands above 10 cycles per second in  the f i r s t  ha1 f hour o f  

The power dens i ty  o f  the EEG was 
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f l i g h t .  

computed analyses, and i n  general, the records are remarkably clean. A low 

frequency c u t - o f f  o f  3 cycles per  second was a r b i t r a r i l y  designated i n  the 

computation t o  minimize contamination o f  the  ana lys i s  by movement a r t i f a c t s .  

Epochs w i t h  gross movement a r t i f a c t s  have been deleted from these 

There was o n l y  a slow dec l ine  i n  the  amount o f  the ta  a c t i v i t y  in the  

e a r l y  hours o f  f l i g h t ,  and the f ind ings i n d i c a t e  pers is tence o f  subs tan t i a l  

amounts o f  the ta  a c t i v i t y  i n  t h e  major p a r t  o f  the  waking records throughout 

the 54 hours o f  a v a i l a b l e  data. 

c o l l e c t e d  accord ing t o  the techniques o f  the normative 1 i b r a r y  by Kellaway 

and Haulsby, has r e c e n t l y  been made a v a i l a b l e  t o  us, and w i l l  be examined 

as described above. Meanwhile, v i sua l  inspec t ion  o f  the basel ine data 

suggests t h a t  there  i s  augmented theta a c t i v i t y  i n  the f l i g h t  record in  

the awake s ta te  by comparison w i t h  the basel ine.  

With the prime i n t e r e s t  i n  t h i s  experiment centered on drowsiness 

A basel ine data tape f o r  Astronaut Borman, 

and sleep, analyses o f  subsequent data were d isp layed i n  a fashion emphasizing 

these phases. During the  waking s tate,  two consecutive 15 second samples 

were analyzed every 10 minutes, whereas in  the drowsy and sleep s tates,  two 

consecutive 10 second sample were taken every 2 minutes. 

thus emphasizes even b r i e f  drowsy episodes. 

The graph ic  d i s p l a y  

From the t h i r d  t o  the  seventh hour o f  f l  i g h t  (Fig. lo) ,  the  

sub jec t  was awake w i t h  occasional drowsy episodes, which the EEG and computed 

analyses c l e a r l y  reveal ,  i n  the  absence o f  concomitant changes i n  r e s p i r a t i o n  

o r  h e a r t  rate. Often these epochs las ted  on ly  from 3 t o  15 seconds, bu t  were 

c l e a r l y  manifested i n  the EEG records. 



From the f i f t e e n t h  

episodes of drowsiness and 1 
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t o  the  twenty-f i r s t  hour, there  were 

ght sleep, w i t h  a b r i e f  episode o f  s 

1 ong 

ow -wave 

sleep i n  the  s i x teen th  hour ( f i g .  11),  

coherence ( r ight -hand f i g u r e s  i n  each row) between the two channels rose 

sharp ly  w i t h  onset o f  drowsiness and a c t u a l  sleep, corresponding t o  the 

increas ing synchrony observed i n  the paper records. 

occurred a t  the beginning o f  the e ighteenth hour, character ized by much 

the ta  a c t i v i t y ,  and was fo l lowed by drowsiness and l i g h t  s leep i n  the 

twen ty - f i r s t  hour. 

By cont ras t  w i t h  the  waking s ta tes ,  

A pe r iod  o f  wakefulness 

From the t w e n t y - f i r s t  t o  the twenty - th i rd  hour, there was a gradual 

progress ion toward f u l l  wakefulness, w i t h  decreasing drowsy episodes (Fig. 12). 

Compression o f  almost f i v e  hours o f  wakefulness i n t o  a s i n g l e  d i s p l a y  i s  

shown i n  the middle panel o f  Fig. 12, w i t h  on ly  occasional drowsy episodes. 

Coherences remained low through t h i s  per iod,  except du r ing  the  drowsy episodes, 

More frequent drowsy episodes occurred dur ing  the  twenty -n in th  hour. 

F i n a l l y ,  there  was a long epoch o f  medium and deep sleep dur ing  

the  second "n ight"  in  space, character ized by long per iods o f  un in te r rup ted  

slow waves. Even here, however, computer ana lys i s  shows e legan t l y  the t r a n -  

s i t i o n s  in s ta tes  over many hours (Fig. 13). A t  t h i s  stage, on l y  one channel 

remained operative, due t o  inadvertent detachment o f  e lec t rodes  by the  

astronaut, Only autospectra f o r  t h i s  channel could be ca lcu lated.  It i s  

apparent t h a t  even a s i n g l e  channel of data app rop r ia te l y  analyzed can be 

h i g h l y  revea l ing  o f  changing states. Moreover, t he  EEG c l e a r l y  reveals 

changes in  p a t t e r n  dur ing  s h i f t i n g  s ta tes  o f  sleep and wakefulness no t  

de tec tab le  w i t h  EKG o r  r e s p i r a t i o n  (Fig. 14). 
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Cer ta in  s i g n i f i c a n t  questions remain unanswered by t h i s  study. 

F i r s t l y ,  on the bas is  o f  f u r t h e r  ana lys is  o f  basel ine data, i t  should be 

poss ib le  t o  answer ca tegor ica l  l y  the ques t ion  o f  apparent preponderance o f  

the ta  thythms i n  the  waking s t a t e  i n  the  f l i g h t  records. I f  t h i s  should 

prove t o  be the  case, i t  would be i n t e r e s t i n g  t o  seek i t s  pers is tence over 

longer per iods o f  f l  igh t ,  since i t  may represent an adapt ing phenomenon 

t o  the  strange, and, indeed, hazardous environment o f  space. i t  i s  f o r  

t h i s  reason t h a t  lengthy recordings i n i t i a t e d ,  f o r  example, a f t e r  the  

f i f t h  day o f  prolonged f i g h t s  would be p a r t i c u l a r l y  use fu l ,  i n  revea l ing  

the ex ten t  o f  adapta t ion  t o  the space environment. Such a d d i t i o n a l  

in fo rmat ion  would a l s o  b 

prolonged f l i g h t .  It may be re levant  t h a t  the  data from two n i g h t s '  sleep 

does n o t  c l e a r l y  i nd i ca te  any paradoxical o r  REM ( rap id  eye movement) 

sleep, associated w i t h  the  dream phase, and approximately 20 per  cent o f  

a normal n i g h t ' s  sleep. i t  may be t h a t  the  l o c a t i o n  o f  t he  e lec t rodes  in  

the a n t e r i o r  lead are  t o o  p o s t e r i o r  t o  record the EOG p o t e n t i a l s ,  a l though 

b l i n k  a r t i f a c t s  are c l e a r l y  present. In  any event, the c h a r a c t e r i s t i c s  

o f  the  EEG records from the loca t ions  used are  no t  c l e a r l y  i n d i c a t i v e  o f  

dream sleep. C l a r i f i c a t i o n  o f  t h i s  p o i n t  would be a simple ma t te r  i f ,  

in  t h e  fu tu re ,  e lect rodes were placed i n  i n f e r i o r  f r o n t a l  pos i t ions .  From 

the  b io ins t rumenta t ion  p o i n t  o f  view, i t  would be des i rab le  t o  consider 

nonadhesive,  zero contac t -po ten t ia l  e lect rodes,  inser ted  into a "bathing 

cap" f o r  simple wearing or removal by the  subject  (Kado, Z w e i t i g  and Adey, 

1965). 

the f l i g h t ,  and e l i m i n a t e  problems o f  p r e f l i g h t  adhesive f i x a t i o n .  

re levant  t o  the  e v o l u t i o n  o f  s leep pa t te rns  i n  

Th is  would a l l o w  i n i t i a t i o n  o f  record ing a t  any des i red  phase o f  
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8. Summary 

‘Evidence has been presented, from ana lys i s  o f  EEG data from a 

popu la t ion  o f  50 ast ronaut  candidates, o f  c m o n  c h a r a c t e r i s t i c s  t h a t  c l e a r l y  

separate a gamut o f  conscious and s leeping s tates,  i nc lud ing  concomitants 

o f  v i g i l a n c e  and decision-making tasks. Extensive d i g i t a l  computing methods 

fo r  spec t ra l  ana lys i s  were used, w i t h  d i s p l a y  techniques t h a t  a re  s u i t e d  

t o  medical monitoring. Computer recogn i t ion  o f  these s ta tes  by d i sc r im inan t  

ana 1 ys i s 

purpose 

as 4 v a r  

f o r  on-1 

EEG data 

has ind ica ted  t h e  f e a s i b i l i t y  o f  on - l i ne  computation by spec ia l  

l i g h t  computer, us ing  minimal numbers o f  data channels, and as few 

ables in  each channel. The e s s e n t i a l  requirements a r e  discussed 

ne computation and d isp lay,  

from Gemini F l i g h t  GT-7 are discussed. The analyses emphasize 

A p p l i c a t i o n  o f  these techniques t o  

the va lue o f  the  EEG i n  de tec t i on  o f  bo th  slow and rap id  s h i f t s  i n  s ta tes  

o f  s leep and wakefulness beyond leve ls  t h a t  can be detected by observations 

of EKG and/or resp i ra t i on .  
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Legends t o  F igures 

Fig. 1. 

Fig. 2. 

. .  
Fig. 3. 

Fig. 4. 

Examples o f  la rge  i n t r a c e l l u l a r  waves and simultaneous EEG records 

fran c o r t i c a l  sur face in  s leep ing  ca t  (A and E ) ,  and f a s t e r  i n t r a -  

c e l l u l a r  and surface records when awake (C). From E l u l  (1965). 

Block diagram o f  htlman behavioral t e s t  apparatus used i n  EEG data 

a c q u i s i t i o n  fron 200 ast ronaut  candidates. Apparatus was designed 

and constructed with NASA support i n  UCLA Space B io logy  Laboratory 

and data c o l l e c t e d  by Kellaway and Maulsby a t  Methodist Hosp i ta l ,  

Houston 

Spectra l  analyses from 50 ast ronaut  candidates, pooled i n t o  averages 

f o r  each scalp l o c a t i o n  (see tex t ) .  

a l l  sub jec ts  over 12 s i tua t ions ,  Bars cover spectrum from 1 t o  25 

cyc les per  second a t  i n t e r v a l s  o f  1 cyc le  per second. The average 

over 12 s i t u a t i o n s  was used as the  mean f o r  measurements o f  variance 

a t  each frequency in  the  f i v e  s i t u a t i o n s  shown f o r  the  popu la t ion  

o f  50 candidates. 

Top l e f t  f i g u r e  i s  average for  

Spectra l  analyses f o r  sleep records from 30 astronaut  candidates, 

prepared as i n  Fig. 3 ,  Averages over 7 stages o f  presleep, sleep 

and posts leep (A) were used as the  mean for  assessment o f  var iance 

f o r  records w i t h  eyes closed, awake ( B ) ,  drowsy s ta tes  (C) ,  1 i g h t  

s leep (0). Ca l ib ra t i ons  for 7 stage average are  in  m ic rovo l t s  

squared per  second per  cycle, and f o r  the  i n d i v i d u a l  s ta tes  i n  

standard dev ia t ions .  
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Fig. 5. Spect ra l  analyses f o r  sleep and arousal records from 30 ast ronaut  

candidates, prepared as i n  Figs. 3 and 4, w i t h  c l e a r  d i f f e r e n t i a t i o n  

o f  variance i n  dens i t y  d i s t r i b u t i o n s  over the  spectrum from 1 t o  25 

cyc les per  second i n  each s ta te .  C j 1  i b r a t i o n s  a re  as i n  Fig. 4. 

Fig. 6. Step-wise d i sc r im inan t  ana lys is  as app l i ed  t o  the spec t ra l  outputs  

o f  EEG records i n  f i v e  s i t ua t i ons :  eyes closed, r e s t i n g  (EC-R), 

eyes open r e s t i n g  (EO-R), du r ing  performance o f  aud i to ry  v i g i l a n c e  

task  w i t h  eyes closed (EC-T), performance o f  a v i s u a l  d i s c r i m i n a t i o n  

task  in  3 seconds (EO-T-j), and performance o f  a s im i la r ,  more 

d i f f i c u l t  task  i n  1 second (EO-T-1). The cross-hatched bars are 

for  the simultaneous c a l c u l a t i o n  o f  the most s i g n i f i c a n t  va r iab les  

in  4 subjects, and the  s t r i p e d  bars for each subject  i n d i v i d u a l l y .  

Th i s  automated computer c l a s s i f i c a t i o n  c l e a r l y  performs best  w i t h  

data f rom i n d i v i d u a l  subjects. 

Fig. 7. The bas ic  elements o f  the computer system used i n  the comprehensive 

ana lys i s  o f  normative 1 i b ra ry  data from 50 astronaut  candidates. 

Fig. 8. Proposed system for on-line, i n f l i g h t  ana lys i s  o f  EEG parameters 

r e l a t i n g  t o  behaviora l  state. 

Fig. 9 Contour maps o f  EEG data from F. Borman in  Gemini F l i g h t  GT-7, 

showing enhancement o f  autospect ra l  d e n s i t i e s  in the ta  range i n  

two EEG channels (CPEEG4 and CPEEGS) prelaunch, and great  e x a l -  

t a t i o n  of many EEG frequencies immediately be fore  and du r ing  

l i f t -o f f .  By comparison w i t h  l a t e r  awake and s leeping records, 
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f i r s t  30 minutes o f  f l i g h t ,  bu t  very  1 

appeared be fore  70 minutes (see tex t ) .  

i n d i c a t e  minutes o f  record in  t h a t  ana 

coherences (CPEEG4KPEEGS) were l o w  a t  t h i s  t i m e .  

d e n s i t i e s  above 10 cyc les per  second gradua l ly  dec l ined i n  

t t l e  alpha a c t i v i t y  

Spect ra l  

Numerals on abscissae 

ysis frame. Ca l i b ra t i ons  

in  au tospec t ra l  contours a re  i n  m i c r o v o l t s  squared per  second 

pe r  cycle. Shaded contours are: 100-300 UV /sec/cycle, h o r i z o n t a l  

shading; 300-1000, v e r t i c a l  shading; over 1000, so l  i d  black. In 

y s i g n i f i c a n t  

2 

the coherencz p lo t s ,  values above 0.7 ( s t a t i s t i c a l  

l e v e l )  a re  i n  black. 

Fig. 10. Contour maps s i m i l a r  t o  those in  Fig. 9 o r  two EEG channels w i t h  

spectra 1 d e n s i t y  (CPEEG4 and CPEEG5) and coherence CPEEG4/CPEEGS) 

p l o t s  from the t h i r d  t o  the seventh hour. 

from a le r tness  t o  occasional drowsy episodes in  t h i s  period. 

Ca l i b ra t i ons  as in  Fig. 9. 

There i s  a d r i f t i n g  

Fig. 11. Contour p l o t s  s i m i l a r  t o  those in Fig. 10, taken from the 15th 

t o  the 21st hour, showing a m ix tu re  o f  awake, drowsy and l i g h t  t o  

medium s leep states. 

frequencies a t  t h i s  stage than in  the  awake records. Ca l i b ra t i ons  

as In Fig. 9. 

S i g n i f i c a n t  coherences extend t o  h igher  

Fig. 12. Contour p l o t s  from the 21st t o  the  29th hour, as i n  Figs. 10 and 

11, w i t h  long per iods of wakefulness, but  increas ing drowsiness 

towards the end o f  the 28th hour. Cal i b r a t i o n s  as in  Fig. 9 .  
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Fig. 13. Vith on ly  one func t i ona l  EEG channel remaining, a d e t a i l e d  and 

h i g h l y  revea l ing  ana lys is  o f  s leep s ta tes  du r ing  t h e  second 

"night ' '  in space i s  s t i l l  poss ib le ,  r e s t r i c t e d  t o  au tospec t ra l  

dens i t y  measurements. Most o f  t h i s  sleep i s  character ized by 

b i g  slow waves (Stages 1 1 1  and I V ,  deep sleep). Ca l i b ra t i ons  

as in  Fig. 9. 

Fig. 14. Examples o f  EEG records (EEG.1.A and EEG.Z.A), showing p l a s t i c  

and s e n s i t i v e  r e l a t i o n s h i p  t o  s ta tes  o f  a le r tness ,  drowsiness 

and sleep, w i thout  concomitant changes i n  hea r t  r a t e  (EKG.A) 

o r  r e s p i r a t i o n  (RESP.A), except i n  deep sleep. The EEG i s  

p a r t i c u l a r l y  revea l ing  i n  b r i e f  drowsy episodes (C), where 

changes i n  r e s p i r a t i o n  and hear t  r a t e  a re  minimal. 
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T@O-SECTROMAWIC VARIATIONfS OF 
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ELECTROENCEPHALOGRAPHIC CHARACTERISTICS OF SLEEP 

TOPOSPECTROGRAPHIC VARlATl ONS OF AVERAGES OVER 30 ASTR ONAUT 

CANDIDATES 

A .  AVERAGES OVER 7 STAGES 9. SLEEP pI - EYES CLOSED,  AWAKE 

WITHIN URR-NS OF PRESLEEP, SLEEP EL POSTSLEEP 

C. SLEEP I. "DRIFTING" OR DROWSY 

WITHIN VRRNS 

D .  SLEEP XI. LIGHT SLEEP-"PARIETAL HUMPS" 

WITHIN W N 5  

sv-coc€ 12s 
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s v - c u y  126 
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ELECTROENCEPHALOGRAPHIC CHARACTERISTICS OF SLEEP 
TOPOSPECTROGRAPHIC VARIATIONS OF AVERAGES OVER 30 ASTRONAUT 

C A N DI DATE S 

E. MEDIUM SLEEP - I4/SEC SRNDLES F: DEEP SLEEP - HIGH VOLTAGE SLOW WAVES 
IN VERTEX 

WITHIN W S  WITHIN WRNS 

%-CODE 127 S Y C r n  128 

G. SUB-AROUSAL - "K-COMPLEX" TO AUDITORY H. AROUSAL TO AUDITORY STIMULI 
STIMULI 

WITHIN WRNS WITHIN URR-NS 
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G€M/N/ GT-7 
C AL€RT; BECOM/NG DROWSY 3HR 4M/N TO 5HR 34M/N 

REEL 1 REEL 1 REEL 1 
CPECG4/CPEEGS CPEEG'I CPEEG5 

I I 

/NT€RMITT€NT SPINDLES INTERMITTENT SPINDLES 

€ AWAKE 6HR /3M/N: TO 6t iR. 50M/N 
REEL 1 REEL 1 

CPEEGI1 CPEEGS 
REEL 1 

CPEEG't/CPEEG5 

L- 

x = 0.YO 

# i 0.7 



G€M/N/ GT-7 

L/GHT SLEEP - /4HU 36M/N TO /5HU /ZM//V 
REEL 2 REEL 2 

CPEECLi CPFEG: 
REEL 2 

CPEEGY,,CPEEGS 

M/X€D DEEP &4 LIGHT SLEie DROWSY- /5HU/4M/N TO /6HU 47M/N 
REEL 2 REEL 2 P E E L  2 

CPEEGY CPEEGS CPLEGLI, i P E E G 5  

. . . . . . . , , . . , _  .-,-. , . , . , ,.~ .,_, 

P E E L  2 
AWAKE B€COM/NG DROWSY- /6HR 56M//V TO ZOHU 2 M/N 

REEL 2 REEL 2 
CPEEGS CPEEGY, CPEEGS S P E L L 4  

LEUELS 
I : 0.w 

# = 0.7 
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GDM/N/ GT-7 
LIGHT SL€€e DROWSY &+ AWAK€-ZOHR. /8M/N TO 22HR 8 MIA/ 

REEL 2 REEL 2 REEL 2 
CPEEGLt CPEEG5 CPEEGL(, CPEEGS 

, I  

LIGHT SLEEP, SPIND-ES A WAKE LIGHT SLECZ: SPINLXES AWAKE 

AWAKE- OCCASIONAL DROWSY €PlSOD€S - 22 HR /8MIN TO 27HR /6MIA/ 
REEL 2 REEL 2 REEL 2 

CPEEG'4 CPEEGS CPEEG',/CPEEGS 

v t  4 4 4  4- I 1 4  4 4 4 4- 

4WAKE MOR€ FR€QU€W &%WSY €PlSOD€~'~7HR /8MJN TO 28HR OMIN 
SPINDLES anOm,: SPINDLES M A K E  

REEL 2 REEL 2 REEL 2 
CPEEG'4 CPEEGS CPEEG4 A P E E G S  

t t  t t  t 
DROWSY. SPINDLING €PIS- 
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EEG /A/ PACE FL/GHT - G€M/N/ GT-7 
ASTRONAUTS A and B 

RESP A 

RESP B 

EKG A 

EEGl A 

EEG2 A 

EKG B 

CAPSULE 
CLOaC 

A I90 MINUTES AfTER LAWCH -DOMINANT THETA RHYTHM 
/ \ w - - 

B 420 MINUTES AFTER LAUNCH-DOMINANT A L M  RHMHM WITH BRIEF THETA BURSTS 

c. 506 MiNwEs AFTER LAUNCH - DROWSY EPISODE wiru SPINDLES 
v 

. 
D 970 MINUTES AFTER LAUNCH -DEEP SLEEP WITH SLOW WAVES 


