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Electrocencephalographic Basel ines  i n  As t ronaut  Candidates 

Est imated by Computation and Pa t te rn  Recogn i t ion  Techniques 

Methods used i n  a c q u i s i t i o n  and a n a l y s i s  o f  e l e c t r o p h y s i o l o g i c a l  

data from 200 as t ronau t  candidates a r e  described. Data from 50 o f  these 

sub jec ts  have been i n t e n s i v e l y  analyzed i n  e s t a b l  ishment o f  base1 ines 

cove r ing  a wide range o f  s t a t e s  o f  wakefulness and sleep. Accu ra te l y  

t imed p h y s i o l o g i c a l  s t i m u l i  and perceptual  and l e a r n i n g  tasks  were 

presented t o  a1 1 sub jec ts ,  thus a l l o w i n g  f i n e  comparison between subjects,  

and es tab l i shment  of group means f o r  records from each t e s t  s i t u a t i o n .  

Spec t ra l  analyses were performed by d i g i t a l  methods fo r  each o f  the 

18 s c a l p  EEG channels w i t h  leads located according t o  a mod i f i ed  10-20 

plan. From the  pr imary  spec t ra l  dens i t y  parameters, averages and var iances  

were c a l c u l a t e d  f o r  each sca lp  l o c a t i o n  f o r  the  whole group o f  50 subjects.  

These averages covered r e s t i n g  cond i t ions ,  r e c u r r e n t  somatic, a u d i t o r y  and 

v i s u a l  s t i m u l i ,  v i g i l a n c e  tasks, and v i s u a l  d i s c r i m i n a t i o n s  a t  d i f f e r e n t  

levels o f  d i f f i c u l t y .  Slmi!ar ana!yses were performed on 30 sub jec ts  i n  

drowsy and s leep s ta tes .  . 
I n  each case, d e s p i t e  wide i n d i v i d u a l  d i f f e r e n c e s  between subjects,  

the  group mean and/or p a t t e r n  o f  var iance i n  s p e c t r a l  d e n s i t i e s  f o r  each 

t e s t  c o n d i t i o n  presented a c h a r a c t e r i s t i c  pa t te rn .  These p a t t e r n s  were 

cons is ten t  w i th  neurophys io log ica l  observa t ions  on o r g a n i z a t i o n  o f  c o r t i c o -  

s u b c o r t i c a l  i n t e r r e l a t i o n s  and cerebra l  systems. Recent evidence r e l a t i n g  

the sca lp  EEG t o  i n t r a c e l l u l a r  wave phenomena i n  c o r t i c a l  neurons i s  reviewed. 
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i n  con t inu ing  s tud ies ,  automated p a t t e r n  r e c o g n i t i o n  techniques have 

been a p p l i e d  t o  the pr imary  outputs o f  s p e c t r a l  ana lys i s .  

r e s u l t s  presented here from 4 sub jec ts  i n d i c a t e  an accuracy exceeding 90 per  

c e n t  i n  computed assignment of s ta tes  o f  wakefulness, based on 10 t o  20 

second epochs o f  data from 4 EEG channels, and e v a l u a t i o n  o f  78 va r iab les .  

Coherence measurements were o f  g rea t  importance i n  these s tud ies .  The va lue  

o f  EEG records i n  f l i g h t  mon i to r ing  i s  reviewed and the  f e a s i b i l i t y  o f  

on-1 ine computation discussed. 

P r e l i m i n a r y  
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Wi th  planned extens ion o f  manned space f l i g h t s  from days t o  many weeks, 

and u l t i m a t e l y  t o  several  months i n  i n t e r p l a n e t a r y  f l i g h t ,  p h y s i o l o g i c a l  

m o n i t o r i n g  o f  as t ronaut  s t a t u s  must necessa r i l y  cope w i t h  new dimensions. 

Man w i l l  assume the role o f  a mariner,  r a t h e r  than a p i l o t ,  and w i l l  then 

be requ i red  t o  meet r e p a i r  and maintenance schedules based on d a i l y  assess- 

ment o f  spacecra f t  systems. Phi losophies o f  inherent  re1 i a b i l  i t y  t h a t  

o r i g i n a t e d  i n  a i r c r a f t  development w i  1 1  necessa r i l y  be replaced by concepts 

o f  modular cons t ruc t i on  and by u n i t  replacement and repa i r .  

I n  these circumstances, phys io log i ca l  and psycho log ica l  assessment 

based on such parameters as the  e lec t rocard iogram and r e s p i r a t i o n  leaves 

much t o  be des i red  i n  f i n e  eva lua t i on  o f  changes o f  consciousness from 

wakefulness t o  deep sleep. 

l e s s  revea l i ng  o f  t r a n s i e n t  s h i f t s  i n  a l e r t n e s s  and focused a t t e n t i o n  

assoc ia ted  w i t h  drowsiness a d  fa t igue.  Nor i s  accuracy o f  e v a l u a t i o n  

l i k e l y  t o  be adequate ly  incremented by i n fo rma t ion  about eye movement, 

o r  verba l  response t o  s p e c i f i c  quest ioning, There i s  a con t inu ing  need 

f o r  a r e l i a b l e  mon i to r i ng  system capable o f  f u n c t i o n i n g  w i t h  a pass ive 

A s  po in ted  ou t  elsewhere,2 such data a r e  even 

b sub jec t ,  and even more impor tan t ly ,  on a non- in te r fe rence basis.  

Recent events i n  manned space f l i g h t  have emphasized t h a t  i t  should 

be an uncompromising requirement t o  c o l l e c t  s u f f i c i e n t  p h y s i o l o g i c a l  data 

over  an a p p r o p r i a t e l y  long p e r i o d  from a s u f f i c i e n t  se r ies  o f  sub jec ts  t o  

a1 low d i s t i n c t i o n  o f  those changes represent ing  an immediate r e a c t i o n  t o  

the sudden impos i t ion  o f  weightlessness, t o  which adap ta t i on  may occur i n  

v a r y i n g  degree, from undes i rab le  t rends g radua l l y  appear ing a f t e r  an i n i t i a l  

pe r iod  o f  s a t i s f a c t o r y  phys io log i ca l  s ta tus .  D i r e c t  mon i to r i ng  o f  b r a i n  

e l e c t r i c a l  a c t i v i t y  can reveal  both a l t e r e d  d i u r n a l  c y c l i n g  i n  prolonged 

f l i g h t s ,  as w e l l  as any s u b t l e  s h i f t s  t h a t  migh t  accompany b r i e f  a l e r t e d  

i 

1 
A 
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p a t t e r n s  i n  the  few seconds requi red f o r  d i s c r i m i n a t i v e  judgment. 

P e r i o d i c i t i e s  i n  sleep-wakefulness cyc les a r e  v i t a l  t o  the  maintenance 

o f  h i g h  judgment and performance l e v e l s  i n  prolonged f l i g h t s .  

Complexi t ies o f  mu1 t i channe l  EEG records and d i f f e r e n c e s  between 

sub jec ts  have discouraged f i n e  i n t e r p r e t a t i o n s  based on v i s u a l  examinat ion 

o f  paper records. For these reasons, we have performed ex tens i ve  computer 

analyses o f  EEG p a t t e r n s  i n  data from a p o p u l a t i o n  o f  as t ronau t  candidates. 

Th is  study has es tab l i shed  f o r  the f i r s t  t ime t h a t  t he re  a r e  common f a c t o r s  

t h a t  c l e a r l y  ca tegor i ze  EEG records i n  such a popu la t i on  f o r  a s e r i e s  o f  

s p e c i f i e d  behaviora l  s ta tes.  

from q u i e t  wakefulness t o  extreme focus ing o f  a t t e n t i o n ,  and the va r ious  

stages o f  sleep. Moreover, p a t t e r n  r e c o g n i t i o n  techniques appl  ied t o  such 

data from i n d i v i d u a l  subjects  have ind i ca ted  h i g h  re1 i a b i l  i t y  i n  a u t m i t e d  

28 assessment o f  EEG pa t te rns  accompanying a spectrum o f  s t a t e s  o f  consciousness 

and have ind i ca ted  the f e a s i b i l i t y  o f  such measures as t h e  b a s i s  for a computer 

based f l i g h t  m o n i t o r i n g  system. 

The t e s t  s t a t e s  have covered a wide gamut 

Th is  paper w i l l  d iscuss methods used i n  the a c q u i s i t i o n  o f  a "normative 

1 i b r a r y "  o f  EEG data f rom 200 ast ronaut  candidates, a n a l y s i s  techniques, and 

c o l l e c t i v e  and i n d i v i d u a l  pa t te rns  detected i n  50 o f  these subjects.  The 

data gathered 

dates was 

t a l ,  Houston, 

by Dr. P.M. Kel laway and D r .  Maulsby, whose endless pa t i ence  has assured ve ry  

h i g h  q u a l i t y  records frm a l l  200 subjects .  T h i s  has minimized problems o f  

a r t i f a c t s  i n  computation o f  these records. I t i s  a p leasure t o  acknowledge 

t h e i r  most important c o n t r i b u t i o n s  t o  t h i s  p r o j e c t .  

f o l  lowing paper w i  1 1  descr ibe appl i c a t  ion  o f  these methods t o  EEG 

i n  space f l i g h t .  The a c q u i s i t i o n  o f  data from the a s t r o n a u t  cand 

performed i n  t h e  Neurophysiology Laboratory a t  t h e  Methodis t  Hosp 
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METHODS 

a. Phys io log i ca l  data a c q u i s i t i o n  system. 

Two hundred as t ronau t  candidates were tes ted  i n  a s e r i e s  o f  perceptua l  

and lea rn ing  tasks by means o f  a programming Th is  dev ice 

was developed i n  the UCLA Space B io logy  Laboratory ,  and uses a magnet ic 

tape command system t o  ensure accurate t i m i n g  from one sub jec t  t o  the next .  

The tape c a r r i e s  vocal  i n s t r u c t i o n s  on one t rack .  Comnand s i g n a l s  t o  

advance p r o j e c t o r s  and t o  present  somatic, a u d i t o r y  and v i s u a l  s t i m u l i  a r e  

c a r r i e d  on mu l t i p lexed  aud io  subcarr iers ,  us ing  an I R l G  system o f  narrow- 

band frequency modulat ion.  I n  a d d i t i o n  t o  p h y s i o l o g i c a l  s t i m u l i ,  each 

sub jec t  was presented w i t h  a se r ies  o f  perceptual  and lea rn ing  tasks  o f  

i nc reas ing  d i f f i c u l t y  over a pe r iod  o f  one hour. 

was designated on the magnet ic tape by a 3 f i g u r e  b i n a r y  coded decimal 

number which was recognizable by the computer i n  subsequent data reduct ion.  

A l l  s i t u a t i o n  and s t imu lus  markers were s i m i l a r l y  c a r r i e d  on an I R l G  aud io  

subcar r i e r .  T w o  o f  these t e s t  devices were i n s t a l l e d  i n  the Neurophysiology 

Department a t  the  Methodis t  Hosp i ta l ,  Houston, f o r  sub jec t  t e s t i n g .  

Each behav io ra l  s i t u a t i o n  

A wide range o f  phys io log i ca l  parameters were recorded from each sub jec t  

(F ig .  1 )  , inc lud ing  18 channels o f  EEG, e lect rooculogram (EOG), e l e c t r o -  

cardiogram (EKG), ga l van ic  s k i n  responses (GSR) and r e s p i r a t i o n .  Scalp 

leads f o r  the  EEG used s i l v e r  d i s c  e lec t rodes  w i t h  p a r a f f i n  f i x a t i o n .  

T h e i r  placement fo l lowed a s l i g h t l y  mod i f i ed  10-20 schema, h o p e f u l l y  t o  

encourage u t i 1  i z a t i o n  o f  t h i s  data 1 i b r a r y  by o the r  i n v e s t i g a t o r s  i n t e r e s t e d  

i n  establ ishment  o f  EEG pa t te rns  r e l a t e d  t o  task  performance and behav io ra l  

s ta tes  . 
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Phys io log i ca l  data was acquired on two once-inch, 14 channel magnet ic 

tapes, one o f  which c a r r i e d  the  m a j o r i t y  o f  the  EEG channels, and the 

o t h e r  the  autonomic measures. St imulus and s i t u a t i o n a l  markers were c m o n  

t o  b o t h  tape recorders and provided requ i red  synchronism between tapes i n  

subsequent c a l c u l a t i o n s  o f  shared parameters, such as coherence. A paper 

ca l  data, together  w i t h  BCD s i t u a t i o n a  record  was a l s o  prepared o f  phys io log  

codes and s t imulus markers. 

Dur ing the t e s t ,  the sub jec t  was comfor tab ly  seated i n  f r o n t  o f  the 

p r o j e c t o r  screen, w i t h  a pushbutton dev ice a t  h i s  r i g h t  hand f o r  responses 

t o  behav io ra l  tasks. Epochs o f  phys io log i ca l  s t i m u l i  and behav io ra l  tasks 

were in terspersed w i t h  " res t i ng "  per iods  i n  which the sub jec t  sa t  q u i e t l y ,  

w i t h  eyes open o r  c losed, as s p e c i f i c a l l y  commanded. Behavioral  tasks 

ranged from simple a u d i t o r y  v i g i l a n c e  tes ts ,  w i t h  a requirement t o  recognize 

presence o r  absence o f  3 tones i n  a s e r i e s  presented a t  6 second i n t e r v a l s ,  

t o  r e c o g n i t i o n  o f  the l a r g e s t  o f  s i x  c i r c l e s  i n  a ma t r i x ,  w i t h  a 3 second 

t e s t  epoch i n  some ser ies ,  and a 1 second epoch i n  others.  The 3 second 

task  requ i red  moderate concentrat ion,  whereas the 1 second task  was near 

the 1 i m i t  o f  performance c a p a b i l i t y  i n  many subjects .  

Ed i ted  segments from l i g h t  

yzed i n  the  same fash ion  as 

Add i t i ona l  records were obtained i n  sleep. 

and deep phases and arousal  from sleep were ana 

those from the per forming subjects.  

b. Computer a n a l y s i s  techniques. 

Data tapes were d i g i t i z e d  a t  200 samples per  second, and these d i g i t a l  

tapes a t  800 b.p.i. were prepared w i t h  bo th  p h y s i o l o g i c a l  s igna ls  and event  

markers. A complete d i g i t a l  I ' l i b r a r y I I  has been prepared f o r  a l l  data f rom 
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50 o f  the 200 subjects ,  and s ince  the computer can r e a d i l y  l oca te  any des i red  

data epoch on command, t h i s  d i g i t a l  l i b r a r y  has been used i n  the comp i la t i on  

o f  r e s u l t s  f o r  the group as a whole, and i s  a source o f  data i n  a s e r i e s  o f  

con t i nu ing  p ro jec ts .  

Compu t i ng techn i ques i n  neu rophys i o l  ogy have been rev iewed e 1 sewhe re. 194 

The need t o  recognize and charac ter ize  pa t te rns  i n  cont inuous complex processes 

such as the EEG has led  t o  the use o f  modern spec t ra l  a n a l y s i s  techniques. 

These have been e x t e n s i v e l y  app l i ed  t o  problems o f  m i s s i l e  f l i g h t  and t o  

geophys i ca 1 data 8’23 For t h e  electroencephalographer, the power o f  spec t ra l  

a n a l y s i s  l i e s  i n  i t s  a b i l i t y  t o  reveal the r e l a t i o n s  between simultaneous 

b r a i n  wave a c t i v i t y  i n  d i f f e r e n t  b r a i n  regions, w i t h  p rec i se  p rese rva t i on  o f  

i n fo rma t ion  about shared frequencies and phase r e l a t i o n s ,  n o t  mere ly  a t  the  

dominant f requencies i n  a spectrum o f  a c t i v i t i e s ,  as i n  the cross-correlogram, 

bu t  w i t h  equal c l a r i t y  and p r e c i s i o n  a t  each and every frequency i n  the 

spectrum 7 s 2 4 s 2 5 s 2 6 s 2 7  The key t o  a p p l i c a t i o n  o f  the d i g i t a l  computer 1 i es  

i n  i t s  a b i l i t y  t o  f u n c t i o n  as a narrow band f i l t e r ,  w i t h  p r e c i s e l y  s p e c i f i e d  

c h a r a c t e r i s t i c s ,  which can a l s o  be mod i f i ed  a t  w i l l  w i t h  respect  t o  f l a t - t o p ,  

shoulder  and s k i r t .  1 5 s 2 1  

i n  des ign o f  phys i ca l  f i l t e r s  w i t h  a p p r o p r i a t e l y  narrow s k i r t  c h a r a c t e r i s t i c s ,  

p a r t i c u l a r l y  a t  low frequencies.  The d i g i t a l  f i l t e r  can be considered as 

hav ing a narrow bandpass, as i n  an analog f i l t e r .  A s e t  o f  d i g i t a l  f i l t e r s  

a p p l i e d  t o  a f u n c t i o n  o f  t ime, such as the  EEG, can be considered a v e r s i o n  

o f  a Four ie r  t ransform. 

These f i l t e r s  have success fu l l y  overcome d i f f i c u l t i e s  

Since the  phase s h i f t  o f  t he  d i g i t a l  f i l t e r s  used was zero, i t  was 

poss ib le  t o  measure 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, a s  w e l l  as shared ampl i tudes between them a t  each frequency. 



T h i s  had l e d  us t o  r o u t i n e  c a l c u l a t i o n  o f  the coherence func t i on ,  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. As descr ibed be ow, t h i s  f u n c t i o n  i s  o f  g r e a t  va lue  i n  

d e f i n i n g  EEG p a t t e r n s  accompany ng s p e c i f i e d  s t a t e s  o f  s leep and wake- 

fu lness .  I t  i s  expressed as: 

Coh(f) = M A G S 2 ( f ) / A S X ( f ) A S Y ( f )  

where M A G S ( f )  i s  the  mean c ross-spec t ra l  magnitude a t  frequency f, and 

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

t h e  respec t i ve  frequencies. 

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  i n  any area, on 

the  bas i s  o f  knowing the  a c t i v i t y  i n  any o t h e r  area; i t  can a l s o  be 

extended16 t o  p r e d i c t a b i l i t y  based on a c t i v i t i e s  i n  a s e r i e s  o f  areas. 

Coherence has values between 0 and 1, and 

I n i t i a l  spec t ra l  d e n s i t y  c a l c u l a t i o n s  were made f o r  each o f  the 

18 EEG leads on the I B M  7094 computer i n  the  UCLA Hea l th  Sciences 

Computing F a c i i i t y .  To synthesize the data, the spec t ra l  outputs were 

averaged f o r  each sca lp  l o c a t i o n  over a l l  50 sub jec ts  both i n  t e s t  

s i t u a t i o n s  and i n  se lec ted  s leep epochs. A s y n t h e t i c  Ilheadll was thus 

constructed, w i t h  the  average f o r  each sca lp  reg ion  presented as a ba r  

graph cover ing the spectrum from 0 t o  25 cyc les  p e r  second. Fu r the r  

developments o f  t h i s  d i s p l a y  technique t o  p rov ide  separate "headsll f o r  

d i f f e r e n t  t e s t  epochs a re  presented below. 

requ i red  25 hours o f  main computation t ime, wherein m u l t i p l i c a t i o n s  were 

performed a t  approximately 500,000 p e r  second. Such a comprehensive 

i n i t i a l  a n a l y s i s  has a l lowed s e l e c t i o n  o f  v a r i a b l e s  f o r  a s u b s t a n t i a l l y  

Each hour o f  sub jec t  data 

s imp le r  and p o t e n t i a l l y  on-1 ine  system. 
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RESULTS 

1. EEG c h a r a c t e r i s t i c s  o f  a popu la t i on  o f  50 sub jec ts  over a range o f  

awake s t a t e s  a 

s t i m u l i ,  and 

a t  3 second 

a t  1 second 

d u r i n g  

n t e  rva 

n t e  rva 

the bas is  f o r  comparison w i t h  the 

Subsequent llheadsll i n  Fig.  2 show 

1 ished by the  average o f  the  12 s 

Spec t ra l  d e n s i t i e s  above the  mean 

base l i ne  and v i c e  versa; the u n i t  

A f t e r  computation o f  spectra f o r  each sub jec t  over a l l  t e s t  s i t u a t i o n s ,  

averages were prepared f o r  a l l  50 sub jec ts  a t  each sca lp  l o c a t i o n  (Fig. 2). 

Th i s  average was over 12 s i t u a t i o n s  ( t o p  l e f t ) ,  i n c l u d i n g  s i t t i n g  w i th  eyes 

c losed a t  r e s t ,  eyes open a t  res t ,  eyes closed d u r i n g  one pe r  second f l a s h  

a n  a u d i t o r y  v i g i l a n c e  t a s k  and v i s u a l  d i s c r i m i n a t i o n s  

s, and a s i m i l a r  s e r i e s  o f  more d i f f i c u l t  d i s c r i m i n a t i o n s  

s. The contours o f  these "lumped" spec t ra  were used as 

spectra f o r  the  i n d i v i d u a l  s i t u a t i o n s .  

v a r i a t i o n s  about the  mean t h a t  was es tab -  

t u a t i o n s  shown i n  the t o p  l e f t  f i g u r e .  

a t  any frequency have bars above the  

o f  v a r i a t i o n  f o r  each b a r  p o s i t i o n  was 

t h e  standard d e v i a t i m  zf p m e r  ~t t h a t  freqcrency, among the 12 s i t u a t i o n s  

analyzed. I t  w i l l  be noted t h a t  spec t ra l  d e n s i t i e s  i n  the  "averaged" head 

across 12 s i t u a t i o n s  were h ighes t  a t  f requencies below 5 cyc les  pe r  second 

i n  a l l  f r o n t a l  and c e n t r a l  leads, and the  alpha peak a t  8 t o  12 cyc les  pe r  

second i n  p a r i e t a l  and o c c i p i t a l  leads was no  l a r g e r  than t h i s  low frequency 

peak. Care fu l  t e s t s  have excluded tape recorder wow and f l u t t e r  as a 

source o f  t h i s  low frequency peak. We have noted s i m i l a r  s p e c t r a l  contours 

i n  c o r t i c a l  records i n  the chimpanzee22 and from depth leads i n  man.5 These 

f i n d i n g s  a r e  emphasized since v i sua l  i nspec t i on  of EEG records g i ves  l i t t l e  

i n d i c a t i o n  o f  these h i g h  powers a t  low frequencies. 
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a. Averages o f  EEG spect ra i n  t e s t i n g  records and d u r i n g  f lashes  

a t  l /sec.  

Wi th  eyes c losed and a t  r e s t  (Fig.  2, top middle) ,  powers i n  a l l  

f r o n t a l  leads were below the group average a t  a l l  f requencies.  Cent ra l  

and p a r i e t a l  leads showed a small peak above the mean i n  the  alpha band 

around 10 cycles/sec. Th is  peak was broader i n  o c c i p i t a l  leads. The 

power i n  the remainder o f  the spectrum from 0 t o  25 cyc les  per  second was 

below the mean by 1 t o  2 standard dev ia t i ons .  

These f i n d i n g s  con t ras t  sharp ly  w i t h  i d e n t i c a l  analyses du r ing  f l ashes  

a t  l / sec  w i t h  eyes closed. Al though f r o n t a l  power remained low, the re  was 

a marked increase i n  the power o f  the alpha peak i n  c e n t r a l  and v e r t e x  leads. 

There was a progress ive broadening and increased h e i g h t  i n  t h i s  mid-spec t ra l  

peak i n  p a r i e t a l  areas. I n  the o c c i p i t a l  and occ ip i to tempora l  reg ion  a major 

increase i n  spec t ra l  power occurred i n  a l l  f requencies,  even though the low 

f l a s h  r a t e  was c l e a r l y  no t  responsib ie  f o r  any d r i v i n g  phenomenon. 

b. Averages of EEG spect ra du r ing  a u d i t o r y  v i g i l a n c e  task. 

I n  t h i s  task,  the sub jec ts  were requ i red  t o  press a bu t ton  each t ime 

3 tones were heard i n  a succession o f  t e s t s  a t  i n t e r v a l s  o f  6 seconds over 

a pe r iod  o f  8 minutes. Unusual groups were presented a t  i r r e g u l a r  i n t e r v a l s  

d u r i n g  the task. Eyes were closed throughout. 

The r e s u l t i n g  EEG averages (Fig. 2, bot tom l e f t )  produced a p a t t e r n  

d i s t i n c t l y  d i f f e r e n t  from t h a t  dur ing the slow r e p e t i t i o n  o f  f lashes,  o r  

d u r i n g  v i  sua 1 d i s c r i m i n a t i v e  performances descr ibed below. Vertex, p a r i e t o -  

o c c i p i t a l  and temporoocc ip i ta l  leads showed d i s t i n c t l y  bimodal spec t ra l  

d i s t r i b u t i o n s ,  w i t h  separate peaks centered around 10 and 20 cycles/sec. 

I n  summary, the most s t r i k i n g  changes were those i n  the b e l t  o f  c o r t e x  

extend i ng through the temporo-pa r i e  to-occ i p i t a  1 reg ions . 
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C. Averages o f  EEG spect ra dur ing  v i s u a l  d i s c r i m i n a t i v e  performances. 

The task  invo lved i d e n t i f i c a t i o n  o f  minor  s i z e  d i f f e r e n c e s  i n  se ts  o f  

6 c i r c l e s .  The t e s t  images were i n  two se r ies ,  the f i r s t  i n v o l v i n g  successive 

presenta t ions  a t  3 sec i n t e r v a l s ,  and the second a t  1 sec i n t e r v a l s .  

The concomitant averaged spec t ra l  "headsll were c l e a r l y  d i f f e r e n t  from 

e i t h e r  r e s t i n g  o r  v i g i l a n c e  tasks spectra.  

lower middle)  there  was a sharp increment i n  f r o n t a l  a c t i v i t y  over the whole 

spectrum, and t h i s  dec l ined g radua l l y  towards the c e n t r a l  and v e r t e x  leads, 

where the alpha peak noted i n  the prev ious  t e s t  s i t u a t i o n s  was now sharp l y  

reduced, and powers were reduced i n  the alpha band below the m u l t i - s i t u a t i o n a l  

mean. I n  the b i o c c i p i t a l  lead, powers were reduced below the  group mean a t  

a1 1 f requencies above 2 cycles/sec. 

I n  the 3 sec t e s t s  (Fig. 2, 

The t rends noted i n  the  3 sec t e s t s  were more obvious i n  those l a s t i n g  

o n l y  1 sec, bu t  the two llheadsll were obv ious l y  s i m i l a r  (Fig.  2, bot tom r i g h t ) .  

A s  i nd i ca ted  below, a c l e a r  d i s t i n c t i o n  between EEG pa t te rns  i n  the two cases 

was poss ib le ,  however, by u t i 1  i z a t i o n  o f  coherence measurements o f  degrees 

o f  shared a c t i v i t y  between d i f f e r e n t  c o r t i c a l  regions i n  the two data sets.  

Coherence measurements i n  t h i s  study have been descr ibed i n  d e t a i l  elsewhere. 13 

2, EEG c h a r a c t e r i s t i c s  o f  a popu la t ion  o f  30 sub jec ts  i n  drowsy and 

sleeD s ta tes .  

Analyses o f  drowsy and sleep s ta tes  fo l lowed the same procedures as f o r  

the awake records. An averaged IlheadlI was prepared f o r  30 sub jec ts  cover ing  

s ta tes  o f  presleep, s leep and posts leep (Fig. 3A). Th is  was then used as 

the mean f o r  assessment o f  spec t ra l  v a r i a t i o n s  i n  the s leep records (Figs.  

3B-D and 4 E A ) ,  now us ing  as the u n i t  o f  v a r i a t i o n  the standard d e v i a t i o n  

o f  the power spectra dens i t y  a t  each frequency, among'the 7 inc luded s i t u a t i o n s .  
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C los ing  the eyes i n  p repara t ion  f o r  s leep (F ig.  38) induced a powerfu l  

peak i n  the alpha band t h a t  extended f u r t h e r  i n t o  the f r o n t a l  reg ion  than 

i n  r e s t i n g  epochs d u r i n g  task  performance. A t  the  same time, a broad b u t  

c l e a r l y  separated peak extending from 15 t o  25 cyc les  occurred i n  a l l  bu t  

the  most f r o n t a l  leads, and increased p rog ress i ve l y  i n  power toward the 

o c c i p i t a l  regions. Wi th  the onset o f  drowsiness (Fig.  3C), t h i s  p i c t u r e  

changed sharply.  The alpha peak disappeared complete ly  from a l l  areas, and 

the high-frequency peak was conf ined t o  c e n t r a l  and v e r t e x  leads, and 

reduced i n  amp1 i tude. 

Records c l a s s i f i e d  as l i g h t  s leep (F ig.  38)  i nc lude those w i t h  " p a r i e t a l  

humps" accompanying REM ( r a p i d  eye movement) o r  dream sleep. 

s u p e r f i c i a l  resemblence o f  these records t o  those i n  the awake s ta te ,  i t  i s  

no tab le  t h a t  they a r e  c l e a r l y  d i s t i n g u i s h a b l e  i n  t h i s  d i s p l a y  from those i n  

t a s k  performances (Fig.  2), w i t h  a small peak a t  4 t o  5 cyc les/sec i n  c e n t r a l ,  

p a r i e t a l  and o c c i p i t a l  areas, and powers below the mean i n  the  midd le  range 

frm 5 t o  15 cycles/sec,  bu t  n o t  h igher  f requencies.  A l though the d i f f e r e n t  

data bases in f luences  these d isp lays ,  computed s p e c t r a l  d i f f e r e n t i a t i o n  o f  

t h i s  s leep stage w i t h  a h i g h  r e l i a b i l i t y  i s  i n  agreement w i t h  s tud ies  i n  the 

chimpanzee22 and emphasizes the value o f  computation over  mere v i s u a l  inspect ion.  

I n  v iew o f  the 

I n  medium s leep (Fig.  4E),  charac ter ized  by 14/sec sp ind les  i n  c e n t r a l  

and v e r t e x  leads, powers a t  o ther  f requencies remained c lose  t o  the mean. 

I n  deep sleep w i t h  h i g h  vo l tage  slow waves below 6 cyc les/sec (Fig. 4F), 

powers a t  h ighe r  f requencies was sharp ly  reduced below the mean a t  f requencies 

above 15 cycles/sec.  Subarousal t o  an a u d i t o r y  s t imu lus ,  induc ing I'K-complexes" 

i n  the EEG records, produced y e t  another  type o f  spec t ra l  contour,  which showed 

h ighes t  powers above the  mean a t  the lowest f requencies o f  the  spectrum, 
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f a1  1 i n g  toward mean values a t  inc reas ing  frequencies around 7 cycles/sec,  

and showing powers below the mean a t  f requencies from 7 t o  25 cycles/sec 

(Fig.  46).  

increased above the  mean i n  l a t e r a l  f r o n t a l  areas across most o f  the  

spectrum, w i t h  g r a d u a l l y  d e c l i n i n g  increments towards the  o c c i p i t a l  region. 

Ac tua l  a rousa l  (Fig. 4H) was assoc ia ted  w i t h  power sha rp l y  

I n  summary, these EEG pa t te rns  accompanying a continuum o f  behav io ra l  

s t a t e s  from s t r o n g l y  focused a t t e n t i o n  t o  deep s leep a r e  i n  accordance w i t h  

w e l l  es tab l i shed  data on ce reb ra l  o r g a n i z a t i o n  bo th  i n  sensory systems, 

i n c l u d i n g  a u d i t o r y ,  v i s u a l  and somatic pathways, and i n  a s s o c i a t i v e  o r  

i n t e g r a t i v e  mechanisms o f  t he  f r o n t a l  and temporal lobes. The s i g n i f i c a n c e  

o f  these r e s u l t s  does n o t  appear the re fo re  t o  l i e  i n  any casual r e l a t i o n s h i p  

t o  t h e  imposed environmental s t i m u l i ,  b u t  t o  a r i s e  c a u s a l l y  i n  the t r a n s a c t i o n  

o f  i n fo rma t ion  i n  ce reb ra l  systems. 

3. Assessment o f  EEG c h a r a c t e r i s t i c s  i n  i n d i v i d u a l  sub jec ts ;  use o f  

p a t t e r n  recogn i t  ion  techniques. 

We have developed d i s p l a y  techniques, us ing  two-co lo r  methods, t h a t  

d e p i c t  f o r  an i n d i v i d u a l  h i s  EEG spec t ra l  c h a r a c t e r i s t i c s  i n  each s c a l p  lead 

a g a i n s t  the contour  o f  the group mean, or  aga ins t  h i s  own mean. However, 

t h e r e  i s  an obvious requirement i n  medical  mon i to r i ng  t o  take account o f  

i n d i v i d u a l  v a r i a b i l i t y ,  by poss ib l y  s imp le r  computational techniques, f o r  

accura te  s p e c i f i c a t i o n  o f  sub jec t  s ta tus .  For t h i s  reason, we have examined 

the  f e a s i b i l i t y  o f  automated p a t t e r n  r e c o g n i t i o n  a p p l i e d  t o  the  ou tpu t  o f  

p r imary  spec t ra l  ana lys i s .  28 

D isc r im inan t  a n a l y s i s  was app l i ed  t o  the  s p e c t r a l  ou tpu ts  f o r  f i v e  

s i t u a t i o n s :  eyes closed a t  r e s t ,  eyes open a t  r e s t ,  d u r i n g  the  a u d i t o r y  

v i g i l a n c e  tasks,  and d u r i n g  the two v i s u a l  d i s c r i m i n a t i v e  tasks descr ibed 

above. Resu l ts  w i l l  be presented from 4 sub jec ts  i n  5 s i t u a t i o n s ,  w i t h  
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e v a l u a t i o n  o f  78 va r iab les .  A con t inu ing  s tudy near ing  complet ion invo lves  

10 sub jec ts  i n  1 1  s i t u a t i o n s  t o  the behav io ra l  s i t u a t i o n  from which i t  came. 

Measurements were der ived  fran four  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-Ol and Pr-02), ve r tex  (FZ-CZ), and b i 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 (1.5-3.5, 3.5-7.5- 

12.5, and 12.5-25.0 cycles/sec).  

the s t reng th  

( the  dominant frequency when present) ,  bandwidth w i t h i n  the band (a measure 

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  

o f  channe 1 s . 

For each band, measurements were made o f  

o f  a c t i v i t y  i n  each channel, mean frequency w i t h i n  the band 

D e t a i l s  o f  t h i s  d i s c r i m i n a t i v e  a n a l y s i s  program have been descr ibed 

elsewhere. B r i e f l y ,  the s e l e c t i o n  process invo lves  recogn i t i on  o f  a s i n g l e  

parameter t h a t  d i sc r im ina tes  EEG segments recorded i n  d i f f e r e n t  s i t u a t i o n s ,  

fo l lowed by s e l e c t i o n  o f  second and subsequent parameters t h a t  add most t o  

28 

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. The f o u r  p a r m e t e r s  t h a t  

bes t  charac ter ized  the  f i v e  s i t u a t i o n s  were: l e f t  p a r i e t o - o c c i p i t a l  a lpha 

band i n t e n s i t y  (7.5-12.5 cycles/sec), the mean frequency o f  the ta  band a c t l v i  ty  

(3.5-7.5 cycles/sec) i n  the vertex, 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 (12.5 t o  

25.0 cyc les  /sec) between v e r t e x  and b i o c c i p i t a l  leads. 

Using on ly  the fou r  bes t  measurements f o r  each sub jec t ,  between 62 and 

69 per  cent were c o r r e c t l y  c l a s s i f i e d ,  con t ras ted  w i t h  51 pe r  cent  c o r r e c t  

f o r  a l l  f o u r  sub jec ts  as a group, An even g r e a t e r  d i s p a r i t y  appeared between 

group and i n d i v i d u a l  c l a s s i f i c a t i o n s  a f t e r  15 parameters were se lected.  

I n d i v i d u a l l y ,  95, 93, 96 and 90 per cent  were c o r r e c t ,  whereas f o r  the 

subjects  together ,  on l y  65 per  cent were co r rec t .  Moreover, the d i s t i n c t i o n s  

were g rea tes t  between those s i t u a t i o n s  most d i f f i c u l t  t o  separate by v i s u a l  
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i n s p e c t i o n  (those assoc ia ted  w i t h  two du ra t i ons  o f  v i s u a l  d i s c r i m i n a t i o n )  

(Fig. 5). 

s p a t i a l l y  and numer i ca l l y  c h a r a c t e r i s t i c  EEG %ignature,"  on the  bas i s  o f  

a p o s s i b l y  unique c l u s t e r  or  c o n s t e l l a t i o n  o f  EEG parameters t h a t  appear 

w i t h  each t e s t  s i t u a t i o n .  Since the analyses invo lved epochs o f  o n l y  10 

t o  20 seconds, from each o f  the  4 channels, and f o u r  parameter types, these 

f i n d i n g s  encourage the p o s s i b i l i t y  o f  development o f  a r e f i n e d  and r a p i d  

scheme o f  p i l o t  o r  as t ronau t  monitor ing.  

I t  may the re fo re  be i n f e r r e d  t h a t  each i n d i v i d u a l  may have a 

DISCUSSION 

Detec t i on  o f  EEG p a t t e r n i n g  i n  r e l a t i o n  t o  s ta tes  o f  s leep and wake- 

fu lness  appears t o  be f e a s i b l e  w i t h  h i g h  re1 i a b i l i t y ,  us ing  computing 

techniques now w e l l  w i t h i n  the  s ta te  o f  b iomedical  eng ineer ing  a r t s .  I t  

would be un for tunate ,  however, i f  these c a p a b i l i t i e s  were viewed as merely 

o f f e r i n g  an e m p i r i c  e v a l u a t i o n  o f  the e s s e n t i a l  mechanisms i n  t r a n s a c t i o n  

o f  i n fo rma t ion  i n  b r a i n  systems. Much has been w r i t t e n  i n  support  o f  the  

v iew t h a t  the  EEG i s  merely a "noise'l i n  ce reb ra l  systems. Only r e c e n t l y  

has evidence c l e a r l y  i nd i ca ted  tha t  t he  EEG recorded g r o s s l y  from the scalp,  

o r  from the  b r a i n  surface, a r i s e s  i n  an i n t r a c e l l u l a r  wave process, 

and t h a t  t he re  i s  a s t rong  r e l a t i o n s h i p  i n  spec t ra l  d e n s i t y  d i s t r i b u t i o n s  

between these i n t r a c e l l u l a r  waves and the gross EEG, a l though the coherence 

9,10,14 

3,11,12 between the  two i s  u s u a l l y  low. 

The search f o r  p a t t e r n s  i n  the comp lex i t i es  o f  EEG wave t r a i n s  had 

t h e i r  o r i g i n s  i n  the d e t e c t i o n  o f  "evoked p o t e n t i a l s , "  t r a n s i e n t  e l e c t r i c a l  

events de tec tab le  from the v a s t  sea o f  EEG waves by t h e i r  t ime- locked 

r e l a t i o n s h i p  t o  a preceding equa l l y  b r i e f  s t imu lus ,  such as 1 i g h t  f lashes, 

c l i c k s  o r  somatic s t i m u l i .  T h e i r  d e t e c t i o n  i n  b r a i n  e l e c t r i c a l  a c t i v i t y  
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has res ted  on a v a r i e t y  of averaging techniques. These methods have 

demonstrated i n  man and animals an impressive s e r i e s  o f  changes i n  evoked 

p o t e n t i a l  c o n f i g u r a t i o n s  i n  response t o  c e n t r a l  and p e r i p h e r a l  man ipu la t ions .  

Yet t h e i r  va lue  i n  an understanding o f  ce reb ra l  mechanisms has remained 

l i m i t e d ,  s ince  we do n o t  normal ly  l i v e  i n  an environment viewed t a c h i s t o -  

s c o p i c a l l y  by 1 i g h t  f lashes  o r  s i m i l a r  uncomfortably b r i e f  sensory i n f l u x e s .  

Not o n l y  i s  our sensory i n f l u x  a continuum, bu t  t he  b r a i n  l i k e w i s e  i s  

con t i nuous ly  a c t i v e  i n  the  waking s t a t e ,  engaged i n  'Ihousekeeping'l processes, 

on which the a r r i v a l  o f  a sensory v o l l e y  represents a pe r tu rba t i on .  

E a r l y  a t tempts  t o  t r e a t  t he  EEG bo th  as a cont inuous process and as an 

e s s e n t i a l  phenomenon i n  the t ransac t i on  o f  i n fo rma t ion  i n  cerebra l  systems 

were based on frequency ana lys i s ,  1 7 9 2 0 9 3 0  us ing  analog f i l t e r i n g  techniques. 

Such analyses were immediately beset w i th  an insuperable d i f f i c u l t y .  Due t o  

complex and v a r i a b l e  phase s h i f t i n g  o f  the EEG s i g n a l  i n  i t s  passage through 

the  f i l t e r ,  no i n fo rma t ion  could be de r i ved  about p a t t e r n i n g  o f  i n t e r r e l a t i o n s  

between d i f f e r e n t  b r a i n  regions on a wave-by-wave basis,  and a t  each frequency 

across  the spectrum. I t  i s  i n  t h i s  a b i l i t y  t o  d e r i v e  such phase r e l a t i o n s  i n  

a wea l th  o f  e s s e n t i a l  d e t a i l  t h a t  t he  d i g i t a l  f i l t e r ,  used i n  EEG s p e c t r a l  

a n a l y s i s  w i t h  c a l c u l a t i o n  o f  coherence, has opened new windows on complex b u t  

cons i s tan t  p a t t e r n s  i n  the  EEG accompanying task  performance and i n  s leep 

s ta tes .  

H u s t i n  and Lubin" support our  f ind ings .  

D i g i t a l  analyses o f  waking and s leep ing  EEG records by Johnson, Nute, 

Th is  q u a l i t y  o f  complex i ty  i n  the  EEG has long been recognized i n  normal 
18 

and abnormal subjects,  and w i t h i n  and between i n d i v i d u a l s .  The present  

study appears t o  have taken successful account o f  the  wide range o f  i n d i v i d u a l  

d i f f e r e n c e s  i n  the  s p e c i f i c a t i o n  o f  c o l l e c t i v e  means o r  group c h a r a c t e r i s t i c s ,  

as we1 1 as success fu l l y  d e r i v i n g  a pa t te rned  EEG "signature" f o r  i n d i v i d u a l  
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ana 

wou 

p i l o t  warn 

f a t i g u e  o r  

has e s t a b l  

ng i n  a n t i c  

problems o f  

shed a base 

sub jec ts .  Without due regard f o r  such complex i t ies ,  t he re  i s  no reason t o  

a n t i c i p a t e  development o f  adequate o r  re1 i a b l e  a n a l y s i s  methods, f o r  

complex i ty  i s  s u r e l y  o f  the essence i n  the f u n c t i o n i n g  o f  b r a i n  t i ssue ,  

wherein our  understanding has been unduly delayed by the f u t i l e  p u r s u i t  o f  

yses and cerebra l  models based on o v e r s i m p l i f i e d  "nerve nets.  I l3 

On-1 ine  a n a l y s i s  o f  EEG records i n  c l a s s i f i c a t i o n  o f  behav io ra l  s t a t e s  

d appear an important o b j e c t i v e  f o r  the medical  f l i g h t  mon i to r ,  o r  f o r  

p a t i o n  o f  d e f e c t i v e  a t t e n t i o n  through drowsiness, 

environmental support.  Hopefu l l y ,  the  present  study 

ine f o r  use i n  f u t u r e  f l i g h t  s tud ies .  It has a l s o  

i n d i c a t e d  the p o s s i b i l i t y  o f  using a smal l ,  spec ia l  purpose computer t h a t  

would work w i t h  data from 3 o r  4 EEG channels, and achieve a c l a s s i f i c a t i o n  

on the  bas i s  o f  e v a l u a t i o n  o f  a small number o f  v a r i a b l e s  f o r  each channel, 

i nc 1 ud i ng spectra 1 dens i t i es 

coherence funct ions.  Only a l i m i t e d  amount o f  data would then be telemetered 

t o  a l a r g e r  f l i g h t  mon i to r i ng  computer. 

and bandwidths , dom i na n t f requenc i es and 

6 
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LEGENDS TO FIGURES 

Fig. 1. 

F ig .  2. 

Fig.  3 .  

Scheme f o r  p resen ta t i on  o f  a u d i t o r y  and v . s u a l  st imu i and 

l e a r n i n g  s i t u a t i o n s  from a master c o n t r o l  magnetic tape t o  a 

sub jec t  f o r  computer a n a l y s i s  o f  EEG records. 

a t w i n - t r a c k  recorder  for a vo ice  p r o t o c o l  and command s igna ls .  

The l a t t e r  a r e  c a r r i e d  on I R l G  s u b c a r r i e r  o s c i l l a t o r s .  The data 

a c q u i s i t i o n  tapes include the command s i g n a l s  and the  EEG records. 

Averaged s p e c t r a l  d e n s i t i e s  over the range 0 t o  25 cyc les  pe r  

second f o r  a popu la t i on  o f  50 sub jec ts ,  w i t h  each spectrum p r e -  

sented as a s e r i e s  o f  bars a t  1 c y c l e  pe r  second i n t e r v a l s ,  and 

loca ted  a t  t h e  approp r ia te  l o c a t i o n  on the  scalp. The t o p  l e f t  

f i g u r e  i s  an average fo r  a l l  sub jec ts  across 12 s i t u a t i o n s  (see 

tex t ) .  

aga ins t  which t o  measure d e v i a t i o n s  i n  the  succeeding 5 s i t u a t i o n s ,  

w i t h  powers a t  any frequency above the  mean shown as a b a r  above 

the  base i i ne  and v i ce  versa. Cai ib i -a t ions  fo r  average c i s r  12 

s i t u a t i o n s  i n  m i c r o v o l t s  squared pe r  second pe r  cyc le ;  f o r  the 

separate s i t u a t i o n s ,  i n  standard dev ia t i ons .  (French, Adey and 

Walter, 1966). 

Averages prepared as i n  Fig.  2 f o r  a p o p u l a t i o n  o f  30 sub jec ts  

i n  7 stages o f  presleep, s leep and postsleep, and the separate 

averages, w i t h  d i s p l a y  o f  d e v i a t i o n  from the  mean developed i n  

Fig.  9A, i n  the  succeeding heads f o r  eyes closed awake, drowsy 

and l i g h t  s leep records. (French, Adey and Walter,  1966). 

The system u t i 1  i zes  

The contour o f  t h i s  average was then used as the  mean 
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F ig .  4. 

Fig.  5. 

Averages prepared as i n  Figs. 2 and 3 f o r  medium sleep, deep 

sleep, subarousal, and arousal  t o  a u d i t o r y  s t i m u l  i. (French, 

Adey and Walter,  1966). 

P a t t e r n  r e c o g n i t i o n  techniques appl  ied  t o  spec t ra l  ou tpu ts  from 

4 sub jec ts ,  separa te ly  and j o i n t l y ,  w i t h  development o f  a m a t r i x  

d i s p l a y  o f  automated c l a s s i f i c a t i o n s  f o r  5 s i t u a t i o n s :  EC-R, 

eyes closed r e s t i n g ;  EO-R, eyes open r e s t i n g ;  EO-R, eyes open 

r e s t i n g ;  EC-T, eyes closed w h i l e  per fo rming  an a u d i t o r y  v i g i l a n c e  

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  

sua1 d i s c r i m i n a t i o n s  i n  

task;  EO-T-3, performing moderate 

i n  3 sec; EO-T-1, performing d i f f  

1 sec. (Walter, Rhodes and Adey, 

y d i f f  

c u l t  v 

1966). 
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