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ABSTRACT 

A sensitive central nervous system (CNS) monitoring technic that can be correlated 
with behavior and with changes in the surrounding environment during aerospace 
flight is desirable to the flight surgeon interested in the early detection of possible 
adverse effects of the flight on the subject, to the neurophysiologist concerned with 
basic cerebral mechanisms occurring during the unique conditions of space flight, and 
to the systems engineer interested in any redundant indirect measurement of environ¬ 
mental parameters which serve to enhance the total system reliability. 

In this study, a special-purpose digital computer was used to obtain average EEC 
responses evoked from human subjects by repetitive, nondistracting clicks during 
sedentary activity, mildly symptomatic hyperventilation, hypoxia, and 2.5 +G, accel¬ 
eration on the SAM human centrifuge and in an NF-100 aircraft. 

The waveforms obtained were qualitatively distinct for each group. No appreciable 
alteration of the relative amplitudes or latencies of the individual response components 
was caused by distraction, habituation, or variations in ambient noise. No significant 
effects were detectable in the corresponding EEC’s. This preliminary investigation 
suggests that average evoked responses may be useful and sensitive indicators of 
CNS activity during aerospace flight. 
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I. INTRODUCTION 

Often in certain aerospace flight, research, 
and clinical situations in which a human being 
is subjected to stresses which alter or impair 
the activity of his central nervous system 
(CNS), a sensitive measure of his psychomotor 
and CNS response is desired. The EEC and 
GSR (galvanic skin response) are the only 
externally recorded indicators of CNS activity 
which have received extensive investigation, 
and both are of limited usefulness as monitors 
of subtle changes. The GSR is a good indicator 
of the state of CNS arousal and alertness, but 
it is too nonspecific to differentiate between 
different stress factors altering one’s state of 
alertness. The EEG, which Rosenblith (1) has 
called “the muffled polyneuronal roar that 
manages to make itself heard through man’s 
thick skull,” possesses a wide spectrum of 
biologic information, but it is notoriously dif¬ 
ficult to interpret or even to recognize in the 
EEG the small variations that might be caused 
by a relatively minor variation in the activity 
of the brain. Various investigators have re¬ 
ported EEG changes during acceleration in jet 
aircraft (2) and in the human centrifuge (3), 
but these changes were clearly discernible only 
at high levels of acceleration and were not 
readily quantifiable. 

Deliberately applied external sensory stim¬ 
uli produce minuscule variations in the EEG 
called evoked responses. These are character¬ 
ized by their amplitude, waveform, and latency 
(time from stimulus to occurrence of response). 
The specific components of the evoked response 
lend themselves readily to both quantitative, 
as well as qualitative, analysis. 

The development of the technic of averaging 
evoked responses—pioneered by Dawson (4), 

Barlow (5), and Rosenblith (6)—has given 
access to a great wealth of information con¬ 
tained in the EEG. The possible utility of 
average evoked responses as a monitor of subtle 
responses to stress is apparent. They are 
simple to record, and the several discriminating 
features of which they are composed can be 
correlated with specific external events, such 
as stresses and psychomotor performance. In 
this study average evoked acoustic responses 
(AEAR’s) to clicks were used to monitor the 
following stresses: hyperventilation, hypoxia, 
and acceleration. 

There is some uncertainty regarding the 
origin of AEAR’s. Geisler et al. (7) originally 
suggested that they are of cortical origin ; 
however, Bickford et al. (8) contend that the 
early components of the AEAR represent the 
myogenic response to impulses traveling over 
a vestibulo-spinal-myogenic pathway. The 
validity of using AEAR’s as a monitoring tech¬ 
nic does not depend on an exact knowledge of 
the cerebral mechanisms causing them. In 
fact, the AEAR may be thought of as a signal 
which carries information about the state of 
a portion of the brain and possibly of the 
overlying musculature, and which varies ac¬ 
cording to the alterations of this state induced 
by stressful changes in the environment. 
Viewed in this way, the AEAR may be useful 
in monitoring human brain function and per¬ 
formance and, indirectly, in monitoring the 
environment. 

II. SUMMARY 

This study was undertaken to determine 
whether average evoked acoustic responses 
(AEAR’s) might serve as a useful technic to 
monitor the psychomotor response and, in- 
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directly, the nervous system response to these 
stresses: hyperventilation, hypoxia, and +G, 
acceleration. 

AEAR’s evoked by clicks were recorded 
from five male subjects during quiescent con¬ 
trol periods and during moderately symptomatic 
hyperventilation, mildly symptomatic hypoxia, 
and 2.5 +G, acceleration. During each stress, 
changes occurred in the amplitude, latency, and 
waveform of the AEAR’s. These changes were 
consistently reproducible, clearly recognizable, 
and statistically significant. Control AEAR’s 
taken during a four-hour period showed little 
variability. No diagnostically significant 
changes appeared in the corresponding EEC’s. 

The magnitude of the changes in the AEAR 
is correlated with the severity of the 
psychomotor response to the stress. Given 
that a subject is in one of these four 
psychomotor states—e.g., quiescent, hyperven¬ 
tilated, hypoxic, or acceleratory—it is possible 
to tell both the type and the severity of the 
subject’s psychomotor state. A more complete 
catalog of responses to other sorts of stresses 
would clearly extend the usefulness of the 
AEAR as a monitoring technic. 

The cause for these changes has not yet 
been determined. It is probable that the 
changes represent an alteration in the excit¬ 
ability and synchrony of the neuronal and 
muscular processes generating the AEAR. 

It was anticipated that the chief disad¬ 
vantages to the use of AEAR’s in monitoring 
central nervous system activity would be: (1) 
the variability in AEAR’s caused by changes 
in auditory input (extraneous noise and varia¬ 
tion of effective stimulus intensity) and head 
position ; and (2) habituation to prolonged 
stimulation. These problems appear to be 
negligible when stimuli are averaged for ap¬ 
proximately 2 minutes for each AEAR. Since 
quite a considerable change in one’s psychomo¬ 
tor state can occur in this time, shorter averag¬ 
ing periods must be used if rapidly occurring 
changes are to be monitored. Thus, an inevit¬ 
able compromise must be established between 
the clarity of the signal extracted from the 

noise of the EEG, and îne time necessary to 
extract it. 

We have recorded AEAR’s via telemetry 
from subjects flying in the SAM NF-100 jet 
fighter aircraft. Changes during hyperventila¬ 
tion and -f-G, acceleration are similar to those 
observed on the ground. In addition, distinct 
changes in the AEAR, EEG, and subjective 
auditory acuity were observed during weight¬ 
lessness, simulated by free-falling parabolic 
flight. 

III. TECHNIC 

Five men, ages 25 to 31, with normal EEC’s 
and auditory and vestibular function, were ex¬ 
perimental subjects. Auditory stimuli con¬ 
sisted of rarefaction clicks of 0.5 msec, duration 
and 50 /¿sec. rise-time from a unijunction tran¬ 
sistor oscillator. They were delivered bilateral¬ 
ly, at a frequency of 7.9/sec. and an intensity 
of approximately 50 db above subjective 
threshold, to a snug-fitting regulation Air 
Fo-ce headset and flying helmet (type H79/ 
A1C). There was no significant stimulus 
artifact. 

EEG electrodes constructed of stainless 
steel wire mesh set in nylon discs were filled 
with electrolyte paste and attached to the scalp 
with Eastman 9-10 cement. Interelectrode d.c. 
resistance was less than 3,000 ohms ; micro- 
phonic electrode noise was less than 0.4 /¿v. rms. 
The reference electrode was placed at the 
vertex ; exploring electrodes were placed over 
the temporal bone 2 cm. above the ear, and on 
the inion. The signal was amplified with a 
Wilson Greatbatch differential amplifier with 
a bandwidth of 0.1 to 5,000 cps, and common¬ 
mode noise rejection greater than 100 db. The 
amplified EEG, clicks, and voice were recorded 
on a Sangamo model 4700 tape recorder with 
wow and flutter compensation. 

Averaging was done with a CAT model 
400B special-purpose digital computer with an 
analysis time of 125 msec, and 0-delay. Averag¬ 
ing was done on-line and the AEAR’s were 
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FIGURE 1 

Block diagram of recording system. 

plotted with an X-Y recorder with sensitivity 
set so that a true average was displayed (see 
fig. 1). 

The CAT computes this sum : 

A (t.) = J Vit.j) 
J-i 

i = 0,1, 2 . . . , 399. 
N = Number of clicks added. 
VtV = Amplitude of the EEG in the “it*” interval 

of the “jth” dick. 

The X-Y recorder plots this average: 

— A(t,) 
N 

A typical experiment consisted of the fol¬ 
lowing: While seated in an upright position, 
the subject listened to clicks during a 15-minute 
control period and then hyperventilated until 
symptoms of moderate severity developed 
(sweating, mild paresthesia, incoordination, 
trismus, and carpal stiffness). These usually 
appeared after 2 to 3 minutes and took 5 to 
7 minutes to subside completely. Evoked re¬ 
sponse data were gathered during this mildly 
symptomatic period. When the AEAR re¬ 
turned to the prehyperventilation waveform, a 

15-minute control period was observed with 
the subject breathing room air. Then the sub¬ 
ject breathed a hypoxic mixture of 9.6% 02 
and 90.4% N^. Each person was experienced 
in detecting his own early subjective symptoms 
of hypoxia. He was instructed to continue 
breathing the mixture until these symptoms 
were followed by the objective signs of hypox¬ 
ia i.e., constriction of peripheral visual field, 
decreased visual field, decreased visual acuity, 
and mild cyanosis of the oral mucosa and nail- 
beds. This symptomatic period typically lasted 
6 to 7 minutes. After cessation of hypoxic 
symptoms, return of the AEAR to its original 
waveform, and a 15-minute control period, the 
subject entered the SAM human centrifuge and 
was exposed to 2.5 +G, acceleration for a total 
of 6 minutes. A final 15-minute control record 
was then obtained. No attempt was made to 
suppress the ambient noise level. 

IV. RESULTS 

Each tracing in figures 2 and 3 represents 
the average of 1,000 clicks obtained during the 
last one-third of each experimental procedure. 
An upward deviation represents positivity of 
the occipital electrode with respect to the 
temporal electrode. The stimulus occurs at the 
beginning of each trace. In the control group 
several prominent components are labeled : 
Pi = first positive peak; n, = first negative 
peak, etc. Each control response has several 
consistent features: an initial low-amplitude 
component, p,, followed by a high amplitude 
negative component, n,, with a latency of 30 to 
35 msec. ; a second positive component, p2, with 
an amplitude consistently greater than p, and a 
latency that varies from 45 to 60 msec.; a 
second negative component, n2; and a third 
positive component, ps. 

FIGURE 2 

Ziac^llZionire <%> ^ tpeJZâZn, “and 
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FIGURE 3 

E°cfc tracing is the average evoked auditory response of subject “C to 1 000 clicks The 
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In the hyperventilation group the initial 
positive waves, pi, are preceded in each case 
by a low amplitude negative wave, n0. The 
latencies of ni have decreased to 28 to 30 msec., 
and the pa waves are followed by a number of 
distinct waves of decreasing amplitude. 

In the hypoxic group the initial negative 
waves, no, seen in the hyperventilation group 
are of greatly diminished amplitude, and the 
Pi waves are of less amplitude than those in 
the control group. The latencies of the ni 
waves have increased to 40 to 45 msec.; the 
amplitudes of the p2 waves have decreased ; and 
the same general configuration of the n2 and p3 
waves seen in the control group is again 
present. 

In the acceleration group no initial n0 waves 
are present, the pi and p2 waves have been 
remarkably reduced in amplitude, the latencies 
of the ni waves are from 35 to 42 msec., and 
there are no consistently occurring components 
after p2. Moreover, the p2 waves have a flat¬ 
tened appearance. 

V. DISCUSSION 

To promote mutual understanding, we shall 
define the AEAR as the average voltage varia¬ 
tion in the EEC occurring during the intervals 
between successive clicks. This definition in¬ 
cludes the entirety of each waveform shown in 
figures 2 and 3 and does not designate any 
specific complex. 

A three-way analysis of variances was per¬ 
formed on each group of data shown in figure 2, 
with the experimental stress used as the treat¬ 
ment variable (see tables I and II). There was 
no statistically significant difference between 
the variances in the latencies of ni, or of the 
amplitudes cf p2-Pi in the four control trials 
of each of the five subjects. Likewise, there 
was no statistically significant difference in 
either of these two measurements between the 
records in the hyperventilation group, which 
included two trials on each subject. There was 
a significant decrease in the latency of m (P < 
.001) and an increase in the amplitudes of 

TABLE I 

Mean values of the latencies of the nx peaks 
and the amplitudei, of p2 — Pi for measure¬ 
ments made on the five subjects during the 

experimental periods 

Stress 
Number of 
measure¬ 

ments 

Mean latency 
of n, (msec.) 

Mean 
amplitude of 
P2-Pi (mv.) 

Control 
Hyperventi¬ 

lation 
Hypoxia 
Acceleration 

20 

10 
5 

55 

33.8 

30.5 
37.9 
38.1 

6.5 

5.1 
3.8 
0.34 

There was no statistically significant variation <P < .06) be¬ 
tween the latencies of the n, peaks or of the P,—P, amplitudes of 
the four control measurements of each of the five subjects. 

TABLE II 

Significance level of the difference observed 
between the mean nx latencies and the mean 
pa — pi amplitudes of the control group as 
compared with the experimental stress groups 

Comparison of 
stress groups 

Latency of nj 
Amplitude of 

P2—Pi 

Control vs. hyperventila¬ 
tion 

Control vs. hypoxia 

Control vs. acceleration 

P < .001 

P < .001 

P < .001 

P < .020 

P < .001 

P < .001 

p2 — Pi (P < -001) in the hyperventilation 
group as compared with the control group. In 
the hyperventilation group the after-potentials 
closely resemble a form of damped oscillatory 
activity, suggesting that one effect of hyper¬ 
ventilation is to alter the system “damping 
coefficient.” 

For a monitoring technic to accurately re¬ 
flect a subject’s psychomotor response to a 
given stress, several criteria must be met. The 
output of the monitoring device should be time- 
invariant when no stress is applied. Changes 
in the output associated with a given stress 
ideally should be reproducible, easily recognized, 
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FIGURE 4 

This graph, demonstrates that the log of the variance of the n latrr,™ „«w , . 

“C^rir ?JX=~r~ of the variance diminishes slowly. greater tnan 1,000 the log 

sensitive, and free of artifact. Moveover, the 
records obtained for similar psychomotor states 
should show minimal variability. 

Each subject s AEAR did vary during 
similar treatment periods, depending on elec¬ 
trode position, stimulus rate and intensity, and 
the number of stimuli averaged. Variability 
was minimized when the AEAR’s were recorded 
with the vertex-occiput-inion electrode con¬ 
figuration, and as increasingly more stimuli 
were averaged. Figure 4 shows that the 
variance of the control AEAR’s of subjects "A” 

and “C” approached a minimum value which 
remained sensibly constant for 1,000 clicks and 
more. Stated precisely: 

N—»00 1=1 N —1 

X = Mean value of component. 
X, = “ith” value of that component. 
N = Number of stimuli averaged. 

Because the subject’s state might vary during 
the presentation of a long train of clicks, the 
number of clicks averaged was limited to 1,000. 
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At a stimulus frequency of 7.9 clicks/sec., this 
yielded an averaging time of 126.5 seconds. 

In sixteen experiments on subject “C,” 
listening to clicks continuously for four hours 
produced only a slight decrease in the ampli¬ 
tudes of P, and p2 and no significant change in 
the latency of nt (fig. 3). This is in contra¬ 
distinction to the finding by Hernandez-Peon 
and Jouvet (9) that the AEAR in cats dimin¬ 
ishes in time, supposedly because of an habitua¬ 
tion effect caused by interruption of sensory 
transmission in the reticular formation. 

Distraction caused by purposefully concen¬ 
trating on a visual task (reading) or on an 
auditory task (conversation or music) produced 
no significant changes, whereas increasing the 
ambient noise diminished the relative ampli¬ 
tudes of each component but did not alter the 
latencies during any 1,000-click interval. These 
findings, while not conclusive, suggest that the 
AEAR is stationary for use in monitoring for 
periods up to four hours. 

It is enlightening to compare the alteration 
in the AEAR during hyperventilation with the 
EEC, which showed no noticeable change 
(fig. 5). According to Dawson and Greville 
(10), “there is no evidence that the intensity 
of symptoms caused by hyperventilation is in 
any way correlated with any feature of the 
EEG.” The severity of symptoms is correlated 
with the degree of hypocarbia caused by 
hyperventilation, but the C02 tension and pH 
of active cerebral cortex vary independently of 
changes in the arterial blood (10, p. 162). 
Hence, the EEG is an unsatisfactory indicator 
of the presence of symptoms or of impaired 
psychomotor performance caused by hyper¬ 
ventilation, whereas the AEAR does seem to 
be a satisfactory indicator of such changes. 

In the hypoxia group there is a significant 
increase in the latencies of nt (P < .001) and 
a significant decrease in the amplitudes of 
Pa — Pi (P < .005). Again, it is interesting to 
note that there are rio perceptible changes in 
the corresponding hypoxic EEG records. This 
may be a consequence of the mildness of the 
hypoxia produced in this study; for frequency 

analyses of the EEG have shown that hypoxia 
tends to produce slow waves whose amplitudes 
diminished with increasing hypoxia. 

The acceleration records show a significant 
increase in the latencies of ni (P < .001) and 
a decrease in the amplitudes of p2 — Pi (P < 
.001) as compared with the control group, 
whereas a comparison between the hypoxia and 
acceleration groups shows that there is a small 
significant difference (P < .05) between the 
P* — pi amplitudes and no significant dif¬ 
ference between the n, latencies. The similar¬ 
ity between acceleration and hypoxic AEAR’s 
suggests that acceleration might produce 
hypoxia of that portion of the auditory system 
responsible for the AEAR. There was no sub¬ 
jective decrease in hearing acuity (subjective 
intensity of clicks) of any of the subjects dur¬ 
ing either the hypoxic or the acceleration trials; 
therefore, it appears that the AEAR is quite 
sensitive to changes that occur before any 
subjective symptoms develop. The apparent 
hypoxia in the auditory system during -fG. 
acceleration may be produced by venous stagna¬ 
tion, by decreased cerebral perfusion secondary 
to a fall in head-level arterial pressure, and 
more probably, by a combination of the two. 

Several possible sources of artifact deserve 
comment. The amplitude of the AEAR has 
been found to vary with head position, presuma¬ 
bly because of variation of the myogenic con¬ 
tamination produced by tension on the neck 
muscles (11). Since a monitoring system should 
impose minimal restriction on the activity of 
the subject, we allowed the subjects to move 
their heads freely. The variability of the 
AEAR during forced hyperventilation, when 
the neck tends to flex and extend with respira¬ 
tion, and during acceleration, when the head 
tends to be compressed on the neck, was sur¬ 
prisingly little when averaging was performed 
for longer than 50 seconds. Extraneous noise, 
reduced though by no means abolished by the 
snuer-fitting headset and helmet-assembly, re¬ 
mains a possible source of error. The intensity 
of the stimulus probably varies a small amount 
because of movements of the headsets relative 
to the tympanic membranes. Worden and co¬ 
workers (12) have shown in cats that the 
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îll!

j E 'UtUiku.
'i! i .!

1.0 M«.

; 'U 
• \'.......... *.-.J si ■ . ^

CONTROL HYPERVENTILATION HYPOXIA

I !

I'll'
ACCELERATION

FIGURE 6
Representative EEG’s of the subjects during the control and stress periods. No characteristic changes 

were noted in the EEG's during stress.

variability of the cortical AEAR due to such 
movement is minimal. Again, by averaging for 
sufficient length of time, variability of the 
AEAR caused either by extraneous noise or 
by movement of headsets was negligible.

Some artifact may be caused in the accelera­
tion records by a change in the resistance and 
time constant of the electrode-scalp junction as 
a consequence of the acceleratory forces acting

on them. Should such changes occur, we would 
expect, at worst, only amplitude or phase dis­
tortion and no significant change in peak 
latency.

The centrifuge cab rotates approximately 
87° during the onset of acceleration until it is 
aligned in the plane of rotation of the centri­
fuge arm. It was anticipated that this small, 
angular acceleration component normal to the



positive G, vector might induce a vestibular 
response interfering with the AEAR. To test 
this question, the rate of onset of acceleration 
was varied so that the rate of cab alignment 
varied from Io to 40° per second, yet no 
significant differences appeared in the AEAR. 

None of these possible sources of artifact 
seems to preclude the use of average evoked 
responses in measuring psychomotor response 
to stress ; in fact, AEAR’s give more informa¬ 
tion about psychomotor response than either 
the EEG or the GSR. 
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