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INTRODUCTION 

Constant-speed rotation of a subject about his longitudinal axis which has been 
slightly tilted with respect to gravity produces an unusual and ever-changing pattern of 
stimulation (2, 3). The effect can be illustrated by considering the subject stationary in 
an upright position, and having an acceleration vector rotate around him at an off
vertical angle of incidence equal to the chair's tilt. This mode of stimulation has 
proven to be highly effective in evoking symptoms that characterize motion sickness 
and, theoretically at least, provides adequate stimulation to the otolith and other 
gravireceptor organs, but probably not to the semicircular canals. This technique may 
therefore offer a simple, precise, and highly controllable method of grading a subject's 
susceptibility to motion sickness from otolithic stimulation and may complement those 
susceptibility tests in which the semicircular canals are the initial or primary etiological 
factor (8, 9) . 

Evidence from testing a few subjects highly resistant to motion sickness had 
indi coted that a greater provocative effect was derived from increasing the off
·vertical angle from 10° to 20° at various rotational rates, but the relative change in 
effectiveness was not explored (2, 3). In these earlier studies the method of grading 
susceptibility utilized a schedule of ever-increasing rotational rates, which often 
unnecessarily prolonged the test duration and frequently caused a very rapid rise in 
symptomatology when the adeq uatel y stressful rate was finally reached (2, 3) . As a 
result, great care had to be exercised to prevent the overshoot of a preselected 
endpoint of mild severity, termed Malaise IIA (M IIA) by Graybiel et al. (4) and 
based on a numerical scale formulated by those authors. In addition, the original test 
method exposed the subject to periods of -incremental increases in the vestibular 
stressor level. Low levels of stressor stimulation were usually initially compensated, 
and in the process might have served as training toward increasing adaptation, an 
undesirable factor when determining baseline and relative measurement of suscepti
bility among subjects. 

The purpose of the present study was to explore: (a) the change in provocative 
effect of varying the rate of rotation from 2.5 rpm to 45 rpm about a slight (10°) off
vertical axis, and (b) by using a velocity within the range of maximum effectiveness, 
to measure the relationship between motion sickness susceptibility and varying degrees 
of off-vertical tilt from 2.5° to 25°. 

PROCEDURE 

SUBJECTS 

Four young Navy enlisted men, ranging in age from 19 to 21 years, who had 
previously demonstrated motion sickness susceptibi lity to off-vertical rotation volunteered 
as subjects. Each was found to be healthy by a comprehensive Navy medical 
examination, given prior to his acceptance as a research subject, and remained so 
during the experimental procedure, as reported daily in his pre-examination 



questionnaire (8). Functional tests of the semicircular canals (5) and otolith organs (6, 7) 
plus those of postural equilibrium (1) proved further that those specific systems were 
functioning well within normal limits . 

METHOD 

A standard Stille rotating chair, Model RS-3, mounted on a motor-driven tilt 
base served as an off-vertical rotation (OVR) chair (Figure 1). The degree of ti It 
relative to the gravitational upright was registered on a large protractor scale. The 
subject's head was centered over the axis of rotation and held rigidly against the 
headrest by an adjustable strap across his forehead. A seat belt further secured him to 
the chair. His eyes were covered with a small padded goggle which did not interfere 
wi th an observer's being able to note facial flushing, pallor, and sweating. The 
combined weight of the subject and the chair superstructure was statically balanced in 
a 20° off-vertical position to ensure constant speed rotation (~ <.. 0. 1%) durin~ the 
OVR tests . The chair was then returned to upright and accelerated at 5°/ sec unti I the 
selected termi na l velocity was reached. After no less than 60 seconds' duration the 
chair was quickly tilted at 5°/sec to the selected tilt position and off-vertical rotation 
was continued until moderate malaise (M IIA) (4) was manifested or the time limit of 
60 minutes had elapsed. If the malaise endpoint was reached, the chair was quickly 
tilted to the upright, which immediately abolished the stressor stimulus, and decelerated 
at 5°/sec2. 

Initi a lly, the effect of the chair veloci ty in an off-vertical position was tested 
by exposing each subject to a schedule of several test velocities (2 .5, 5.0, 10.0, 15.0, 
20.0, 30.0, 40.0, 45.0 rpm), while maintaining in each case a 10° tilt of the rotational 
axis from upright. Each subject was tested twice, once in the clockwise and once in the 
counterclockwise direction of rotation, a t each velocity. This procedure was followed by 
one in which the same subjects were tested once at each of the several tilt angles (2.5, 
5.0, 7.5, 10.0, 15.0, 20.::>, and 25.0 degrees) during a constant velocity of 17 .• 5 rpm. 
That va lue, based upon an ongoing analysis of results from the first half of this study, 
was selected as representing the best estimate of a single rate of rotation that would 
produce a nearly maximum provocative effect. The scheduled order of presentation of 
each ve locity and tilt angle was randomized not only for each subject, but also among 
subjects. Although the overt symptoms of M IIA (4) quickly disappeared, at least 24 
hours separated the individual trials. 

RESULTS 

Tolerance of off-vertical rotation as reflected by the duration required to evoke 
M I IA is plotted for the four subjects in Figure 2 as a function of chair velocity (rpm). 
It was possible to draw an average subject-response curve (solid line of Figure 2) only 
between 10 rpm and 25 rpm since the M I IA endpoint was not reached at the other 
velocities by al I subjects. This curve section was however extended in an idealized 
fashion (dotted lines) in both directions in Figure 2 to portra~ the marked general 
changes in response throughout the entire range of test velocities. SC, the most 

2 



3 

., 

H 
:: 
i; 

:., 

.. -~/ 
, , ,, ,,.,,. 

L. ·o 
..c u 
0) 
C 

·.;: 
C -~ 
C 
u 

•.;: 

~ 
I 

::t 
0 



-

60 

50 

40 

30 

20 

10 

\ 
\A 

¢ ,o 

'r 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ . \ 
\ 
\ 
\ 
\ 
\ . 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

<M.IlA M.IlA 

BE o • 
SC O t 
TE t:. 6 

WI D • 

10° TILT 

• 

• 
• I 

/,, 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

• I 
I • 
I 
I 

• 

A " 
a 

-----,,--- .......... 

• 
• 

• 

• 

0 ........... __ ....,_ ~_ .......... _...__ ..... ~_ ...... __ .._ ___ _ 

2.5 5 10 20 30 40 

CHAIR VELOCITY (RPM) 
Figure 2 

Subject• s Motion Sickness Susceptibility Measured in Terms of Duration of 
Off-Vertical ( 10°) Rotation Required to Reach the Test Endpoint 

(Malaise IIA (M IIA) or t:iJ minutes) As a Function of Rotational Rate (rpm) 

4 



susceptible subject, reached the endpoint criterion (Malaise I IA) with an average of 
43 minutes' exposure at 5 rpm but remained symptomless throughout the 60-minute 
maximum test period at 2.5 rpm. With 5 rpm subjects TE and BE were unaffected and 
subject WI reached M IIA just prior to the end of the test. Increasing the velocity 
from 5 rpm to 10 rpm evoked the endpoint in all subjects, three within 20 minutes. An 
even greater provocative effect was found at 15 rpm and 20 rpm, with al I subjects 
manifesting M IIA within 15 minutes' exposure. The provocative effect, however, 
could not be enhanced substantially by greater rotes of rotation, and in fact beginning 
at about 25 rpm the stressor effect appeared to decrease. This trend continued in 
progressing to 45 rpm as increasingly longer durations were required to evoke the 
endpoint which was not always reached even in the most susceptible subject (SC). 

The subjects' impressions of the bodily movement and position in space also 
varied with the rate of rotation. Each subject had the sensation of revolving rather 
than rotating and in a direction opposite the actual rotation; i.e., his head appeared 
to move in a circular path centered on the rotational axis and to be directed always 
essentiall y in the same compass direction. At rates below 30 rpm, the subjects reported 
a smooth, re vol vi ng bodi I y movement that generated an inverted cone; the base was 
traced by the head, and the apex usually was located within the area of contact with 
the chair' s seat. At a rate of 30 rpm, al I subjects felt tilted to some extent, as with 
the slower rates, but complained that thi s rate provided substantially "the most difficult 
ride," with a more pronounced sensation of rocki ng front to back or side to side as 
compared to the lower or higher rpms. At rates higher than 30 rpm, al I s ubjects began 
to lose their feeling of be ing tilted, and at 40 and 45 rpm, they reported "much 
easier" and "very smooth rides, " with the sensation of being at or near upright 
throughout the period of exposure. 

Figure 3 is a plot of the provocative effect, measured in the same terms as 
Figure 2, as a function of the off-vertical angl e of til t at a constant rotation of 17.5 
rpm. Two subjects were completely symptom free when rotated about an axis positioned 
2 .5° from the upright. With greater off-vertical angl es, the provocative effect of 
rotation gene rally increased in ever-decreasing amounts. 

DISCUSSION 

The sweep of the rotating Ii near acceleration vector (RLA V) stimulated al I 
gravireceptors, but the provocative effect of the RLAV was probably primarily 
dependent upon its unusual activation of the otolith organs . In a constant off-vertical 
position the rotational velocity was changed to vary the sweep rate of a constant force 
in an essentially identical spatial pattern. In the complementary situation a constant 
velocity was mai nta ined while the angle of incidence of the RLAV with respect to the 
subjects was changed with the degree of tilte 

The remarkable increase then paradoxical decrease in susceptibility that 
resulted from step increases in off-vertical rotational rate provided another example 
of the importance of the frequency as well as of the intensity and pattern of the stimulus 
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in the production of motion sickness. Wendt ( 10) found, for example, that a medium
frequency I inear wave motion of 16 to 22 cpm was most effective in making men sick, 
but that there was a sharp decrease at subsequent higher frequencies. At the low 
rotational rates used in our study, normal physiological conditions were approximated 
and, as expected most subjects experienced I ittle or no vestibular stressor effect. The 
slight increase in the provocative effect at 45 rpm from that seen at 40 rpm, and the 
extent to which the more rapid rotational rates failed to eliminate the evocation of 
motion sickness symptomatology in part of the subjects, may indicate the possible con
tribution of nonotol ithic proprioceptors which were also stimulated by the RLA V. It is 
noteworthy, however, that the most susceptible subject (SC) who reached the Malaise 
IIA endpoint even at 5 rpm was symptom free at 30 rpm and at higher rates of rotation. 

Figure 4 d isplays on a logarithmic scale the response data of Figure 3 within the 
range of off-vertical angles that was found effective in evoking M IIA in al I subjects. 
The excellent empirical fit of these data with a straight line indicates that the stressor 
value of a relatively slow constant speed ( 17 .5 off-vertical rotations per minute) varies 
directly with the axis tilt angle in accordance with Fechner's law. The nonotolithic 
receptors, which are also responsive to these experimental conditions, represent 
secondary stressor influences since they, per se, cannot evoke motion sickness (3,9). 
The primary genesis of the changes in the provocative effect as a function of off-vertical 
displacement of the rotational axis (R LA V angle) must therefore be vestibular. More 
specifica lly, this effect very likely invo lves the bizarre act ivity of cilio-otolith 
elements that would tend to respond slavishly to the everchanging direction of the 
acceleration vector sweep. If such o tol ithic activity was the basis for the Fechnerian 
relationship found, then it would fol low that the stressor effect under our test conditions 
is in direct proportion to the integrated change in the amount of deformation of the 
macular sensory hairs, coded in logarithmic terms. 
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SUMMARY PAGE 

THE PROBLEM 

To measure thresholds for perception of angular acceleration as indicated by 
the oculogyral illusion in 300 normal subjects and in 4 subjects with bilateral laby
rinthine defects . 

FINDINGS 

A motorized chair with precise servo controls provided clockwise or counter
clockwise rotation of the subject about his vertical axis at rates that varied in accor
dance with one of 24 extended trapezoidal-shaped profiles. Each profile consisted of 
four phases: 20 sec of constant positive acceleration, 25 sec at constant (terminal) 
velocity, 20 sec of constant negative acceleration, and 25 sec at zero velocity. 
Acceleration ranged in logarithmi c progression from 0.02 to 6.00°/sec2• The 
threshold response to clockwise and counterclockwise acceleration was determined by 
a double-staircase method and was defined as the lowest of the 24 accelerations at 
which the subject could perceive the oculogyral illusion in three out of four or four out 
of six trials ( > 67 per cent). This illusion was perceived as an apparent rightward or 
leftward move-;;;ent of the visual target in the direction of acceleration. The target was a 
narrow collimated line of light contained within a goggle device and therefore fixed 
in relation to the subject. 

The method provided a brief and reliable ( P = . 70) means of measuring the 
thresholds. The great majority of the sub jects revealed no substantial directional pre
ponderance (CW vs CCW threshold). Threshold frequency distributions for the two 
directions of rotation were similar and ranged in rate (deg/sec2) from 0 .020 to 0 J50 
with means of 0. 146 (CW) and 0. 152 (CCW). The threshold of response (deg/sec ) in 
more than half the normal subjects was less than 0 . 10, in over three-fourths was less 
than 0.20, in over 90 per cent was less than 0.30 , and in 100 per cent was less than 
1.00. None of the labyrinthine-defective subjects perceived the ii I us ion at the highest 
acceleration (6.00°/sec2) employed. 

ii 



INTRODUCTION 

The oculogyral illusion may be perceived by a person passively exposed to 
angular acceleration as apparent motion (in the direction of turn) of visual objects that 
are fixed relative to him (8). The illusion has its genesis in the semicircular canals and 
a knowledge of cupuloendolymph mechanisms, the role of adaptation effects and the 
influence of secondary etiological factors are all essential for predicting its behavior 
under different stimulus condit ions ( 1., 2, 6, 9). Studies have shown that its perception 
under ideal test conditions yields lower threshold values than other canal response 
indicators: the manifestation of nystagmus, and the sensation and aftersensation of 
rotation (1,3,5,7, 16). Indeed the thresholds of the illusion are so low that their 
measurement is limited by the precision of the rotating device. A highly sophisticated 
servo-controlled device , the Rotating Litter Chair (RLC), was developed expressly 
for determining with th is indicator any changes in cupular thresholds of response that 
might occur during the prolonged weightless Skylab missions ( 14). The purpose of this 
report is to evaluate the RLC and a relatively short method for determining the 
thresholds of perception of the ii I us ion in a large sample of normal subjects and in 
four deaf persons with severe bilateral labyrinthine defects. 

PROCEDURE 

SUBJECTS 

Three hundred normal healthy men, ranging in age from 17 to 49 years, served 
as test subjects; most (261) of these subjects were less than 26 years of age. This group 
was comprised of 203 pilots or pilot trainees, 44 enlisted personnel, and 53 civilians. 
Each had demonstrated normal otolith and semicirculctr canal function, as indicated, 
respectively, by ocular counterrolling (11, 12) and caloric response (10). In addition, 
four deaf individuals with severe bilateral labyrinthine defects, as defined in Table I, 
served in determining non-labyrinthine influences upon the perception of rotation. 

APPARATUS 

Rotating Litter Chair 

The rotating litter chair (RLC) (Figure 1) is a relatively lightweight ("" 145 lb) 
motor-driven rotational chair device that is described elsewhere in detail (14). A 
servo-controlled d-c brush-type motor is programmed to rotate automatically a seated 
subject at any one of 24 velocity versus constant time (90 sec) profiles (Figure 2) within 
extremely narrow limits of precision (Table 11). The 24 extended trapezoidal-shaped 
profiles yi~lded in progressive lo~arithmic steps a range of constant accelerations from 
0.02°/sec (step 1) to 3.00°/sec {step 23); two log units of acceleration separated 
steps 23 and 24 . The man-supporting superstructure and motor of the RLC are directly 
coupled to eliminate gear slack and perceptible vibration and therefore meet the 
physiological requirement of eliminating small performance errors that are normally 
within the sensitivity range of the delicate vestibular organs. 



Table I : 

Clinical Findings in Four Deaf Subjects with Bilateral Labyrinthine Defects 

Deafness Hearing Ca I ori c Response* Date Counterrol I ing 

Subj. Age Etiology Age of Onset R L R L of lndext 
(yrs) I Clinical 

Tests •. - - · ~" 

GR 48 Mastoiditis 12 Nil 160 dB Negl. Negl. 1967 60 

""' GU 22 Meningitis 4½ > 145 dB - > 145 dB Negl. Negl . 1967 89 

MY 26 Meningitis 8 None None None None 1967 99 
I 

I 

PE 33 Meningitis 12 None None Negl. Negl. 1967 77 

*Negligible or no observable nystagmus when tympanum irrigated with water at a temperature of 11° C or less . 
tCalculated as one-half the sum of the eye rol I measured in minutes of arc at the 50° rightward and leftward tilt positions. 
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Diagram of the Rotating Litter Chair and Ancillary Equipment, 
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Table II 

Rotating Litter Chair (Oculogyral II lusion Test Mode) Performance Values 

Log Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Angular Acceleration 
(0/sec2) 

0.020 
0 .024 
0.030 
0 .038 
0.048 
0.060 
0.076 
0.096 
0. 120 
0.150 
0. lSU 
0.238 
0 .-300 
0.380 
0.475 
0 .600 
0.760 
0.950 
1 .200 
1.500 
1.SUO 
2.400 
3 .000 
6 .000 

5 

Precisio~ 
(
0/sec ) 

± 0 .0007 
± 0 .0004 
± 0 .0004 
± 0 .0004 
± 0.0008 
± 0.0004 
± 0 .0004 
± 0 .0005 
± 0 .0004 
± 0 .0004 
± 0.0005 
± 0 .0005 
± 0 .0007 
± 0 .0012 
± 0.0005 
± 0 .0008 
± 0 .0018 
± 0 .0018 
± 0 .0024 
± 0 .0018 
± 0 .0036 
± 0 .0030 
± 0.0028 
± 0.0084 

Peak Velocity 
(rpm) 

0.067 
0.080 
0.100 
0 .127 
0.160 
0.200 
0.253 
0.320 
0.400 
0.500 
0.633 
0.793 
1.000 
1.267 
1 .583 
2.000 
2.533 
3. 167 
4.000 
5.000 
6.333 
8.000 

10 .000 
20.000 



Vestibular Test Goggle 

The vestibular test goggle (VTG), described in detail elsewhere (13), is a self
contained device worn over the subject's eyes (Figure 3). The collimated line-of-light 
target, the only thing visible to the subject, is self-illuminated by a radioactive 
source (tritium gas, 100 millicuries, AEC license Number 09-06979-03) contained in 
the goggle. Two knurled knobs permit the target to be rotated 360° about its center 
and moved vertically, from a straight-ahead position, ± 20° about the center of rota
tion of the viewing right eye; the left eye is occluded by being covered with a portion 
of the goggle. The device is held on the face by its attachment to a biteboard 
assembly which, in turn, is secured by an adjustable support connected to the RLC 
(Figure 4). The distance between the ocular and occlusal planes is adjusted so that 
the subject's visual axis in its primary position is essentially in the "horizontal" plane 
containing the optic axis of the target system. The target was found to be completely 
visible to al I subjects having a wide range of interpupillary distances; so, no means of 
1 ateral adjustment was incorporated in the goggle. 

METHOD 

The subject's fitness for testing was determined by a questionnaire (Appendix 
A). The oculogyral illusion was demonstrated at the time of the biteboard fitting by 
having the subject observe the apparent movement of the test-goggle target during 
gentle side-to-side head movements. 

The subject was then secured in a seated position within the RLC, and his 
biteboard and the VTG were affixed to the support mechanism of the chair. He en
gaged the biteboard with his teeth and donned the VTG by tilting his head forward 
20°. The target viewed by his right eye was adjusted so fhat it appeared vertical and 
straight ahead. The purpose of the fixed head ti It was to pl ace the II pl one" of the 
lateral canals closer to the plane of rotation. 

A sound source for signalling the normal subject was situated directly over his 
head, which eliminated it as a cue to the chair's rotational direction; the labyrinthine
defective subject was signalled by lightly tapping the top of his head. The rotational 
chair was located in a test cubicle, which permitted this area to be darkened and 
thereby removed any possible influence of any small openings between the goggle's 
padding and the face. During testing, auditory directional cues were effectively 
removed by having the normal subject wear earphones. All subjects used hand-held, 
color-coded lights to signal, when requested, the direction of apparent movement of 
the target. After one of the 24 acceleration rates was selected on the basis of the 
predetermined test schedule and subject performance, the program start switch of the 
RLC was pressed. After 2 seconds of constant positive acceleration, the subject was 
signalled to open his eyes; after 5 seconds' accumulative time, he was signalled again 
to judge whether the target appeared to move rightward or leftward, or to remain 
stationary. If the subject did not respond after 15 seconds' accumulative time, a 
third signal was given. If no response was received within 20 seconds' accumulative 
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time, the end of the constant acceleration period and the beginning of the 25-second 
constant velocity phase, it was assumed and recorded that no movement was perceived. 
The subject was instructed to close his eyes immediately after each response. 

The down ramp of the profil e required the subject, as in positive acceleration, 
to open his eyes at 2 seconds and to respond between the 5th and 20th second after 
deceleration had begun. After reaching zero rpm, the RLC remained stationary for at 
least 25 seconds . In some cases the next profile was not initiated for up to several 
minutes when: 1) the total test time exceeded 30 minutes, 2) when the subject requested 
additional r~st time, or 3) for operational reasons, e.g., wiping the goggle lens to 
rem~ve a moisture film that occasionally was found to accumulate. The direction of 
rotation among the profiles was varied at random according to a predetermined schedule. 

Our early experimental probes had indicated that a brief pe riod of feedback 
training at an .acceleration level wel I above response threshold was necessary to 
establish that the subject understood the task and could readily observe the ill usory 
movement . The subject was al so fu l ly apprised that apparent movement of the target 
in this situation did not a lso requi re its apparent d isplacement, particularly at or near 
his response threshold level. During training conducted at acceleration step 12, or 
higher if necessary, the subject was informed of his results and coached until he could 
consistent ly identify the direction of the oculogyral illusion . During the actual test, 
the subject was not provided this feedback. 

Mechanically, the stimulus to the cupuloendolymph system and therefore i ts 
response with clockwise (CW) acceleration are equivalent to those for counterclockwise 
(CCW) deceleration, as in the reverse sense are the pair of complementary directions 
of acce leration and deceleration . For convenience, each stimulus pair is henceforth 
identified only by its associated direction of acceleration. 

A response threshold for each of the two directions of acceleration was defined 
as the lowest acceleration at which the subject could correctly identify the expected 
di rection of apparent movement in three out of four, or four out of six trials . When a 
~ifference in perception of the i llusion for the two directions of acceleration was 
manifested at any step, the threshold for the direction of better performance was pur
sued first . If, for example, at least one response associated with the first test profi le 
(usually step 12) was correct, testing procee·ded to step 6. For those subjects meeting 
or exceeding the threshold criterion at step 6, further testing fol lowed a double-stair
case method (4) that was limited to the range of accelerations between; if the criterion 
was not met at step 6, the test ranged from step 6 to the initial test step. If both res
ponses at the initial test step were incorrect, the two staircases proceeded between 
usually step 15 and the initial acceleration step until a response threshold for CW as 
well as CCW acceleration was established. The test was completed in more than half 
the subjects within 30 minutes, and in most within 40 minutes, al though occasionally 
about l hour was required . In no case was the subject tested longer than 30 minutes 
without one or more rest periods prior to completion of ,the test; each rest period of about 
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5 minutes was instituted with the subject remaining in the RLC but with his head re
moved from the goggle and biteboord support. 

The oculogyral ii I usion threshold of each normal subject was measured by this 
procedure on two different occasions, separated by at least 24 hours, in order to deter
mine test-retest reliability. 

RES UL TS AND DISCUSSION 

The large number of trials and long test periods often covering many days or 
weeks that are typical in measurements of a response threshold were avoided in this 
study without apparent undue compromise in sensitivity or reliability by using 24 loga
rithmic step levels of accelerative stimuli. On a linear basis this sc~edule introduces 
ever-increasing increments of acceleration among the progressive test steps with the 
result, desirable from a practical point of view, that differentiability among individuals 
decreases as an indirect function of threshold level. 

Directional preponderance, i.e., a difference in threshold for CW and CCW 
acceleration, was not manifested in 35 per cent, was less than 0. 1°/sec2 in 84 per cent, 
and less than 0 .2°/sec2 in 94 per cent of the normal subjec~s; the remaining subjects 
revealed a preponderance that ranged from 0.2 to 0.l°/sec . Furthermore, a moderately 
high correlation ( P = .72) was found to exist between data obtained with CW and CCW 
acceleration. A substantial directional (CW vs CCW) preponderance in the OGI 
threshold response would therefore not be the expected result in a normal individual. 
A fol low-up investigation of the smal I number of subjects who demonstrated relatively 
lo_rge directional preponderances was not conducted, but a study of unilaterally 
labyrinthectomized individuals gave some evidence that an acute unilateral vestibular 
disturbance may cause a preponderance (15) . 

The individual thresholds for CW and CCW acceleration were averaged to 
obtain a single measure of test-retest reliability which proved also to be moderately 
high ( P = .70). This level of reliability and the brief test period required make the 
method feasible as a clinical-type test of semicircular canal function. The large sample 
of normative data offers a substantial basis for comparing the OGI thresholds of response 
of individuals with possible vestibular disfunction. 

Frequency distributions of the oculogyral illusion threshold values among all the 
normal subjects for CW and CCW acceleration ore presented in Figure 5. The distri
butions were similar for the two directions of angular acceleration and ranged in terms 
of rote (degrees per second per second} from O. 020 to O. 950, with means of O. 146 (CW) 
and O. 152 (CCW), a median of 0. 096 (CW, CCW), and modes of 0 . 096 (CW) and 
0 .076 (CCW). These some distributions expressed in terms of cumulative frequency ore 
given in Figure 6. The distributions on a linear scale ore skewed right: More than half 
the indivi1ual thresholds fell below 0. 10°/sec2; over three-fourths were less than 
0.20°/sec; over 90 per cent less than 0.30°/sec2; and 100 per cent less than 1.00°/sec2• 
These findings compare wel I with those of Clark and ~tewort (2) who found that the OGI 
thresholds of their 32 subjects ranged from O .04°/sec (close to the lower I imit of their 
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device} up to 0.28°/sec2, and confirm their conclusion that normal healthy adult men 
have semicircular canals that are highly sensitive to accelerative stimulation. 

All labyrinthine-defective subjects failed repeatedly to perceive the oculo
gyral illusion at the highest acceleration step (6.00°/sec2) offered by the RLC test 
device, giving further evidence that the basic underlying mechanism for this illusion 
is the cupul oendol ymph system. 
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APPENDIX A 

Subject's Pre-experimentation Questionnaire 



Name/Number Date Time 

Last First Middle Initial 

Have you l::een well throughout the past week? 
YES NO 

Are you free of al I major health complications? (e.g ., heart disease, diabetes, back 
trouble, etc .) 

YES NO 

Are you in your usual state of fitness today? 
YES NO 

If no to one or more of the above questions, 
course, where I oca Ii zed, etc . 

specify problem and .incl ude severity, time 

' 

How much alcohol have you consumed during the past 24 hours? 
drinks) 

(No. and kinds of 

How much tobacco in past 3 hours? 
Cigarette (s) Cigar(s) Pipe(s) ful I 

Have you taken drugs or medicine of any kind in past 24 hours? 
YES NO 

If yes, were they? If name of drug(s) is known, 
Analgesic (aspirin) please list below: 
Sedative or tranquilizer 
Antimotion sickness remedy (anti -histamine) 
Other, including eye a nd ear drop medicat ions 

How many hours sleep did you get last night? Was this sufficient? 
YES NO 

How anxious are you regarding your participation in these tests? 

NOT MINIMAL MODERATE GREAT VERY GREAT 
How many hou rs since your last meal ? 

How many cups of fl uid have you had in the past 2 hours? 

Have you served as a subject in any rotational test within the past 48 hours? 
YES NO 

If yes, endpoint" reached. 
I 
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SPACE MISSIONS INVOLVING THE GENERATION OF ARTIFICIAL GRAVITY* 

Ashton Graybiel 

Naval Aerospace Medical R esearch Laboratory, Pensacola, Florida 32512 USA 

Abstract-The present account deals chiefly with the role of the vestibular organs in space exploration, which is 
important both from the operational and theoretical viewpoint. With regard to the former, the prevention of 
reflex vestibular disturbances and motion sickness poses a problem if a portion of the spacecraft is rotated to 
generate artificial gravity. The transition into weightlessness, exposure in a rotating environment, and sudden 
transitions between the two all pose not only somewhat different problems but also problems that vary in their 
significance for a given space flyer. The two vestibular organs are affected very differently on transition into 
weightlessness. The six semicircular canals are virtually gravity independent, while the four otolith organs are 
freed from the constant stimulus of gravity, something that cannot be achieved under terrestrial conditions; this 
unique response provides a unique opportunity for scientific investigation. Prevention of vestibular side effects 
eventually gets down to selection, adaptation, and possibly the use of drugs. 

The generation of artificial gravity represents 
permanent alleviation of an otherwise continuous 
potential hazard: the weightless space vehicle. Use 
of the word alleviation applies only to the first 
generation of spacecraft. It is feasible to go far 
beyond minimal requirements by providing a range 
of G-loadings, not possible under terrestrial condi
tions, that not only will have practical benefits but 
also be objects of high scientific interest. With the 
advent of a space shuttle, and consequent reduction 
of stress incidental to launch and return, the lim
iting factor regarding fitness for space travel will be 
the conditions aloft. If the radius of the rotating 
portion of the space vehicle is sufficiently great to 
keep the angular velocity low, these limiting condi
tions, insofar as the biologically effective force 
environment is concerned, will have advantages far 
outweighing disadvantages. 

, In regard to the weightless vehicle, it is not yet 
known if countermeasures, which do not involve the 
generation of artificial gravity, will ensure general 
fitness comparable to that under terrestrial condi
tions. But we do know that the maintenance of 
such a comparable state of general fitness will make 
great and continuous demands on the astronaut's or 
astroscientist's time [1-8] , and that illness aloft, 
making exercise impossible, could pose a hazard. 

A great deal of discussion has been devoted to 
the interdigitating trade-offs involved in the attempt 
to decide if there is need to generate artificial 
gravity. A classic experiment would be to have a 
group of persons live in the weightless, nonrotating 
portion of a space vehicle, and another group in the 
rotating portion, both for extended periods of time 
and at different subgravity levels. The immediate 
availability of artificial gravity would provide not 
only experimental stations to study the ameliorative 

effects of previous exposure to weightlessness, but 
also "insurance" in case of emergency need. Until 
such a definitive experiment can be conducted, 
however, facts must be gathered piecemeal under 
less than ideal conditions in the rotating spacecraft. 
The major areas of interest in such exploratory 
experiments, which will influence design and 
consequently affect decisions, center around habit
ability, work conditions, and man's health and 
general fitness [9, 10, 11]. Parallel experiments 
must be conducted in the weightless spacecraft, to 
determine the cost and effectiveness of counter
measures in preventing zero-G asthenia and the 
difficulties in carrying out a wide variety of tasks 
under weightless conditions [ 12-15] . 

The intent of this article is to present back
ground information relative to generating artificial 
gravity by rotating a portion of the space vehicle, 
with particular attention to the role played by the 
vestibular organs. On space missions where artificial 
gravity is generated by this means, the semicircular 
canals and otolith apparatus (collectively termed the 
vestibular organs) play an important role. These 
organs of equilibrium have evolved to ensure proper 
orientation under the two-dimensional gravitoinertial 
force environment on Earth. Under the unique 
conditions in the weightless, and especially in the 
rotating environment, the vestibular organs may not 
only furnish inadequate or inappropriate informa
tion, but also, under unusual conditions, may cause 
reflex vestibular disturbances and motion sickness. 

MAN'S BIOLOGICALLY EFFECTIVE 
FORCE ENVIRONMENT 

In this section, the concept will be developed 
briefly of man's biologically effective force (BEF) 

*Research conducted under sponsorship of Office of Advanced Research and Technology, NASA Order L-43518. 
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GRAVITY DUE 

TO A 

CENTRAL FIELD 
FACTOR 

• ACCELERATIONS DUE TO 
DEVICE OR VEHICLE , 
LINEAR ANO ROTARY 

MOTIONS ANO VIBRATIONS 

ACCELERATIONS DUE TO 
MAN'S MOVEl,£NTS OF 

BOO\' OR l'ORTIONS 
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TENSIONS CXM'RESSIONS MArnoMOLE<U.AR ATTRACTION 
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I ---------- BY GRAVITY 

SOLE CONTRIBUTOR TO , BOTH GRAVITOINERTIAL ANO MEOiANICAL FORCES CONTRSUTE TO , 

STil,U_ATION OF FIELD FORCE RECEPTORS 
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AFFECTS STABILITY IN SPACE ANO MAY 
AFFECT STABILITY OF INTERNAL MILIEU 

ANO CORTICAL POSTURE 

• CIRCUMSCRIBED LOCAL ACCELERATK>N NOT INCUIOEO 

STIMULATION OF VARIOUS 
NONLABYRMHINE 

RECEPTOR SYSTEMS 

MAINLY AFFECiS 
STABILITY IN SPACE 

DEFORMATIONS OF THE REST OF THE BODY 
WITH DISPLACEMENTS ACCORDING TO 

RIGIDITY ANO RELATIVE WEIGHT 

MAY AFFECT STABI.JTY IN SPACE, INTERNAL 
MILIEU, CORTICAL POSTURE, ANO TIME 

FIGURE 1. Man's Biologically Effective Force Environment under Terrestrial Conditions. 

environment in relation to life activities under ter
restrial conditions, and its general usefulness illus
trated in connection with the unique force environ
ments in aerospace flight. The need for a common 
basis, in discussing and comparing these forces, is 
best exemplified by comparing "life" in a weightless 
spacecraft with that on Earth. A comprehensive 
analysis and synthesis will not be attempted; this 
would entail a considerable undertaking, and even 
then be incomplete. The purpose here is to set forth 
major guidelines which point to further exploitation 
for practical or theoretical purposes. 

Man's gravitoinertial force environment has its 
genesis at once in gravity due to a central field 
factor, and the inertial forces generated by the 
motions of " machine," or man, or both (Fig. 1). 
Under ordinary living conditions on Earth, gravita
tional force may be regarded as a constant and the 
only force of sufficient magnitude to affect total 
body weight significantly. This is the force to which 
man has become adapted throughout evolutionary 
development and to which he is accustomed 
through experience. The addition of mutually 
perpendicular lines to the vector, representing gravi
tational upright, forms the spatial frame of Earth 
reference. When man is exposed in conveyances and 
devices that generate accelerations or change his 
position with respect to the gravitational or gravito
inertial vertical, he is subjected to unnatural stim
ulus conditions that may range far beyond physio
logic limits. These accelerations generate an external 
force field that, along with gravity, comprises the 
total external force field. 

The inertial forces generated by the active 
motions of the body or its parts may be regarded as 
"immanent" forces, inasmuch as they do not con
tribute to the external force field but combine with 
it. These immanent forces are either of small magni
tude or short duration, and are significant partly 
because they are associated with motions that 
change the position of the body with regard to the 
other components in the force environment, and 
partly because these forces are sufficient to stimu
late specialized sensory receptors that provide 
information about body statics and dynamics. 
Combined gravitational, inertial, and immanent 
accelerative forces constitute a complex, dynamic 
pattern that varies as a function of time. 

Although the equivalence of gravitational and 
inertial mass is the unifying principle underlying the 
gravitoinertial force concept, this simplicity gives 
way to great complexity when the structural and 
functional characteristics of the body are taken into 
account. The body lacks uniformity, and a state of 
mechanical equilibrium in all parts of the body is 
never reached. Stimulation of the vestibular organs 
in an unusual manner ( even if the strength of the 
stimulus is small) may cause far-reaching disturbances 
after "amplification" in the central nervous system. 

The agravitoinertial forces are far more difficult 
to identify and measure, in terms of a common 
unit, than the- accelerative forces. The forces assume 
great importance in a weightless environment, and a 
dichotomy may be drawn between the agravito
inertial forces of mechanical origin and those of 

t 
J • 
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nonmechanical ongm (Fig. 1). For the latter, 
further distinctions are possible, ranging between 
forces so great at one extreme that absence of 
gravitational force is of no practical consequence, 
and the other extreme when its influence is felt. All 
these mechanical forces are generated by tensions 
and compressions and, along with gravitoinertial 
forces, contribute to bodily deformations and to 
stimulation of nonvestibular mechanoreceptors. 

Weightlessness 
Under natural terrestrial conditions, the force of 

gravity due to a central field factor is only part of 
our biologically effective force (BEF) environment; 
hence it is important to distinguish between weight
lessness per se and man active in a weightless space
craft. This difference, which may be great, will be 
determined mainly by the role played by mechan
ical forces that are effective in countering the 
null-gravity state. 

An effort to analyze the BEF environment in a 
weightless spacecraft is shown in Figure 2. Gravito
inertial forces are generated mainly by the motions 
of man and machine, although even in orbital space 
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flight man will be exposed to a scalar gravitational 
potential, however small, and to a gravitational 
force while his mass is countersupported. Immanent 
accelerations generated in the course of man's work 
and housekeeping activities contribute little to his 
"apparent weight," but are important, since they 
stimulate sensory receptors (directly and indirectly) 
and thus contribute to the information flow to the 
nervous system. 

The preservation of man's well-being in a weight
less spacecraft depends heavily on the agravito
inertial forces, of mechanical or nonmechanical 
origin. An analysis of the latter should be made in 
terms of their effectiveness at different organiza
tional levels in the body. A table might be prepared 
to indicate the forces operant at different levels; e.g. 
molecular, intracellular, cellular, and tissue levels. 
Cytochemical reactions involve forces (thermo
dynamic, bioelectric, and chemical) so great that 
they are " gravity independent." An extreme 
example of gravity independence is the requirement, 
in differential centrifugation of body fluids and 
cells, for using levels of force measured in thousands 
of G units. Under ordinary living conditions, bone 

AGRAVITOtNERTlAL FORCES 

MECHANICAL 

I. INTERNAL TENSIONS AND 
COl,f>RESSIONS 

2 EXTERNAL COMPRESSIONS 

L SITES a' llfl.UENCES 
HGHLY SELECTIVE 

2 WHOLE BOOY RARELY 
INVOLVED 

STATIC 8 DYNAMIC 
PATTERNS OF 

MECHANICAL FORCES 
AS A FUNCTION 

OF TIME 

NON-MECHANICAL 

CHEMICAL BONDING 
MACROMOLECU..AR ATTRACT(ON 

MEMBRANE POTENTIALS 
ADHESIVE (CAPILLARY) ---1. MOST FORCES SO GREAT THAT 

Tf£Y ARE NOT SIGNIFICANTLY 
INFLUENCED BY GRAVITY 

2 AFFECTS ORGANIZATIONAL LEVELS 
FROM TISSUES TO SUBCELLU..AR 
ELEt.ENTS 

FORCES INVOLVED IN COUNTERING WEIGHTLESSNESS 

FAII.LflE TO COUNTER EFFECTS OF WEIGHTLESSNESS RESULTS ti , 
LOSS OF ADAPTATION OR FAILURE IN HOMEOSTASIS 

FIRST ORDER EFFECTS 

I 
SECONO ORiR EFFECTS }- _ _ _ _ _ _ _ -

(X)MPL/CATIONS 

• COMPARISONS MUST BE ,-.AOE WITH TERRESTRIAL CONCMTIONS TAKING ACO)UNT OF 

(I) 800Y CONFlGURATIONS AND MOTK>NS, AN:> (2) THE MAfflENAHCE OF HOMEDSTASlS 

IN TERMS OF GRAVITY OEPENDEHCE . 

•• MINUTE COMPONENT PROVIDED 8Y GffAYITY POTENTIAL 

CAN CAUSE Fll\CTIONAL 

OISTURBANCE OR PATHOLOGICAL 
CHANGE AT ORGANIZATIONAL 
LEVELS OR SITES NOT 
SVBJECT 1V FIRST OROER 
EFFECTS 

FIGURE 2. Man's Biologically Effective Force Environment in Near-Weightlessness.* 
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is a gravity-dependent tissue, at least in many 
portions of the body; however, the marked dif
ference in gravity dependence between, for example, 
the os calcis and skull is not fully explained. Blood 
considered as a tissue is gravity-independent, but as 
part of the circulatory system it is gravity
dependent. 

The different organizational levels in cells and 
tissues at which gravity dependence appears as an 
influence has not been investigated systematically. 
This information is important, however, for two 
related reasons: first, to point out where preventa
tive measures become necessary in the absence of 
gravi ty, and second, to point out the possibility of 
important alterations in the systems not primarily 
affected by weightlessness. The latter circumstance 
is demonstrated in findings of Soviet scientists on 
two properly nourished dogs tethered in a weight
less spacecraft for 3 weeks [16]. Not only were the 
expected changes revealed, but also alterations at 
organizational levels down to fragmentation of DNA 
molecules in a few cells [17]. If the alterations 
leading to the death of monkey Bonnie (Biosatellite 
III) were a consequence of weightlessness, then the 
experiment constitutes an outstanding example of 

primary effects leading to second and higher order 
effects, as shown in Figure 2 [18] . Inasmuch as 
molecular forces are gravity independent, these 
changes in the DNA could not have been a primary 
effect of weightlessness, but must have been a 
second or higher order effect. 

The nonmechanica/ forces just described are 
largely out of man's control; hence, agravitoinertial 
mechanical forces assume great importance in a 
weightless environment since they are under man's 
control to a great extent, and can be utilized in the 
prevention of zero-G asthenia. 

When man is free-floating or lightly restrained in 
a weightless vehicle, agravitoinertial mechanical 
forces are minimal and, although important for the 
maintenance of homeostasis in the milieu interieur, 
are nevertheless of trivial value in the maintenance 
of musculoskeletal fitness. No further experience is 
needed to state categorically that man's general fit
ness would deteriorate rapidly in the absence of 
mechanical forces generated by physical exercise. 

Certain comparisons between voluntary activity 
under terrestrial and weightless conditions are 
shown in Figure 3. On Earth, under conditions of 
bed rest and especially when asleep, man is unable 
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to maintain stability or homeostasis in the muscular 
and skeletal systems. In other words, to ensure 
homeostasis, these systems require greater stress. 
This is accomplished to a considerable extent by 
sitting and standing; periods of exercise are also 
beneficial. Thus, musculoskeletal homeostasis, even 
under ordinary living conditions, is not preserved 
during bed rest but requires physical work. In 
carrying out muscular work, many other systems are 
called into play. For example, the cardiorespiratory 
system also resembles the musculoskeletal system in 

• that a homeostatic state over a period of time is 
ensured by periods of increased stress, compensating 
for periods of decreased stress which, if long 

• continued, would lead to loss of fitness. Briefly 
summarized, man must exercise to remain fit even 
under terrestrial conditions; this is best accom
plished when he is in the upright position so that 
the gravitational load, although spread unequally, is 
influenced by body height and mass. 

In weightlessness, preservation of musculoskeletal 
homeostasis presents a problem in that the periods 
of decreased stress or understressing are more severe 
than on Earth; therefore, compensation requires 
periods of overstressing, with stress either of greater 
magnitude or of longer duration. These counter
measures could present problems; one would be 
failure to ensure that the stress, represented on 
Earth by the antigravity component of musculo
skeletal work, is properly compensated. Moreover, 
other systems called into play during muscular work 
aloft, such as the cardiovascular system, may not 
have all the benefits accorded under terrestrial 
conditions. A prime example would be the loss of 
hydrostatic effect on body fluids. Therefore, it is 
highly desirable to obtain systematic measurements 
on the effects of these activities in countering the 
weightless state. 

Proposals have been made to generate artificial 
gravity in space flight by means of small [19) or 

• large [20, 21] on-board centrifuges, or by rotating 
the major portion of the spacecraft [22, 23). Only 
the last will be considered here since it is the best 
means of preventing the most significant biomedical 
problems. In anticipation of this possibility, Earth
based simulators have been built [24-30) , and it is 
important to compare major characteristics of these 
two rotating environments. 

Slowly Rotating Room Environment 

In a slowly rotating room constrained to rotate 
about the Earth vertical axis, a person carrying out 
various activities is subjected to complex changes in 
the gravitoinertial force environment. It is necessary 
to take into account not only the forces acting at 

E.B.M. 2.2-D 

man's center of gravity but also the separate 
consequences of head and limb motions, with and 
without whole body motions. 

Figure 4 illustrates the forces acting on the sub
ject's mass when he is recumbent and when seated. 
Centrifugal force derives from rw2 where r = radius 
and w = angular velocity. The angle </> represents the 
change in direction of the gravitoinertial upright 
from the gravitational upright. With the subject 
moving with or against the direction of rotation or 
toward or away from the center of rotation, Coriolis 
forces must be taken into account as well as the 
changes in centripetal force. The fundamental law re
lating the time rate of change of a vector, measured 
by an observer in space rotating with respect to the 
reference space, may be expressed mathematically by 
the vector equation: 

where 

(ctV/ctt>r 

( dV) = (ctv) + (wrm X V) 
\.<it)r dt m 

change in velocity vector with respect to 
the reference space 

(dV/dOm change of velocity vector with respect to 
moving space 

change of velocity vector due to rotation 
of moving space 

This acceleration or force vector may manifest itself 
in two ways to a subject in the rotating environ
ment. First, it adds to the apparent weight of a 
body moving in the direction of rotation and sub
tracts from the apparent weight when it moves 
against the direction of rotation. Second, when a 
body moves toward the center of rotation, the 
Coriolis force is exerted in the direction of rotation 
at right angles to the body's motion; when moving 
away from the center of rotation, the force is 
opposite to the direction of rotation. A motion 
parallel to the axis of rotation will generate no 
Coriolis acceleration. The value of Coriolis accelera
tion in G-units for a body moving perpendicularly 
to the axis of rotation in a spinning system may be 
determined by: 

F(Coriolis) = 0.00651 VN 

where: 

V = velocity of body relative to rotating vehicle 
in feet per second 

N = vehicle rate of rotation in revolutions per 
minute 



g = Acceleration Of Gravity 

A cen = Centripetal Acceleration 

A cor = Coriolis Acceleration 

Vt = Tangential Velocity I 
I 

Yr = Radial Ve locity 

w = Angular Velocity Of Rotating Room 

Legend: Crewmen 1 and 2, in articu lated molds supported by air-bearing devices, are "walking on the wall," simulating the orientation in a rotating 
spacecraft. Crewman 2 walking in the direction of rotation becomes somewhat heavier because his angular velocity, hence centripetal acceleration, is 
increased and sums with the Corio lis accelerations generated. Crewman 1 walking opposite to the direction of rotat io n becomes somewhat lighter because h is 
cent ripetal acceleration is decreased and t he Coriolis accelerat ions must be subtracted. Crewman 3 walking toward the periphery of the room is exposed to 
increasing levels of centripetal acceleration and constant levels of Coriolis accelerations. Crewman 4, standi ng, is demonstrating two phenomena: first, as he 
moves his arm or leg sideways, a tendency to veer backward, the so-called "giant-hand" effect; second, as he makes (rotates) his head move in the plane of 
the room's rotation, cross-coupled angular accelerations and illusions are not generated, a so-called "free movement." Crewman 5 is making a head movement 
out of the plane of rotation wh ich does generate cross-coupled angular acce lerations producing characteristic illusions described. 

FIGURE 4. Responses to the Force Environment in a Rotating Room. (Drawing courtesy of Dr. D. B. Cramer) 
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For any motion not exactly perpendicular to the 
axis of rotation, the component of the velocity that 
is perpendicular is used to determine the Coriolis 
force; hence, the value must be multiplied by the 
sine of the angle between the angular rotation rate 
vector and the velocity vector. Figure 5 illustrates 
the Coriolis force in G-units for various rates of 
movement perpendicular to the axis of rotation at 
ilifferent rates of rotation. The combined Coriolis 
and centripetal forces influence the ataxia exhibited 
by subjects. 
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Figure S. Coriolis Force Reaction of a Mass Moving in a 
Rotating Environment. (Force in pounds = Earth 
gravity weight X G units) 

It is apparent, from Figures 5 and 6, that a 
person walking against the direction of spin will 
experience a slight decrease of apparent weight, and 
a slight increase when walking with the direction of 
rotation. Also, moving toward the center, the 
Coriolis force would be in the direction of spin, and 
walking toward the periphery, the direction would 
be reversed. 

The above analysis is oversimplified because the 
motions of the limbs and head need not conform to 
the motions of the center of gravity; moreover, the 
motion of the center of gravity itself is complex 
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Figure 6. Centrifugal Force Reaction of a Mass in a Rotating 
Environment. (Force in pounds = Earth gravity 
weight X G units) 

[31, 32] , although the motions normal to the Earth 
hori zontal would not generate a Coriolis 
acceleration. 

The cross-coupled angular accelerations (to be 
noted later) constitute an abnormal stimulus pattern 
in the case of the semicircular canals. These accel
erations, generated by simultaneous rotation of the 
head about two axes, may also properly be termed 
Coriolis accelerations, but this designation has led to 
confusion. When these accelerations are above 
threshold, reflex vestibular disturbances result and 
may be followed by motion sickness. They are of 
great practical importance, therefore, in dealing with 
rotating environments. Cross-coupled angular ac
celerations per se are independent of the distance 
from the center of rotation of the room and, 
indeed, of the level of G-loading within the ranges 
to be encountered in rotating environments. 

Rotating Spacecraft Environment 

In a rotating spacecraft (Fig. 7), as pointed out 
in connection with Figure 1, when dealing with 
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Legend:Crewman 1 is walking in a direction opposite to rotation; hence his weight is decreased, Crewman 2 is 
walking in the direction of rotation, hence his weight is increased. Crewman 3 is descending the ladder, thereby 
experiencing an increase in weight proportional to the lengthening of his radius; the Coriolis acce leration 
resulting from his descent will tend to keep him against the ladder. Crewman 4 ascending the ladder will 
experience a decrease in weight, and the Coriolis acceleration, because he is on the opposite side of the ladder 
compared w ith crewman 3, will also tend to keep him against the ladder. Crewman 5 is moving his head from the 
upright to his right shoulder which is in the plane of rotation, hence cross-coupled angular accelerat ions are not 
generated and there are no illusions. Crewman 6 is making the same head movement as crewman 5, but the plane 
is now perpendicular to the plane of rotation, and cross-coupled angular accelerations are generated, resulting in 
charcteristic illusions. Crewman 7 is making the same motion as crewman 6, but the illusions are reversed 
because he is facing in t he opposite direction. Crewman 8 facing t he center and bending forward generates forces 
simi lar to crewman 7. Note the important differences between responses in the SRR (Fig. 4) and spacecraft. 

FIGURE 7. Responses to the Force Environment in a Rotating Spacecraft. (Drawing courtesy of Dr. D. B. Cramer) 
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impulse accelerations and the forces they generate, 
the minute gravitational potential has little or no 
physiological significance. Moreover, in a slowly 
rotating room man's orientation when standing is 
parallel, or almost parallel, to the axis of rotation; 
in the spacecraft his long axis when standing is 
perpendicular to the axis of rotation. 

In the absence of gravity, Coriolis forces 
naturally constitute a larger fraction of the 
" apparent weight" than in the slowly rotating room 
(Fig. 4). This has practical significance in terms of 
postural stability and locomotion, which will be 
discussed below. 

THE VESTIBULAR SYSTEM 
In primitive fish, the ear, which has acoustic and 

nonacoustic sensory organs, developed in association 
with the hindbrain. The organ of hearing long 
remained rudimentary, and evolutionary develop
ment of the acoustic system had to await expansion 
of the primitive forebrain in higher vertebrates. In 
contrast, the nonacoustic portion of the ear, 
containing otolith organs and semicircular canals, 
developed early, for these organs were essential to 
equilibrium. When the cerebellum appeared, which 
was an outgrowth of the hindbrain, the basic 
componentry of the vestibular system was nearly 
complete. Thus, in viewing the phylogenetic "scale" 
from fish to man, the essential structure and 
cardinal function of the vestibular system remain 
unchanged. 

The otolith apparatus and semicircular canals are 
uniquely constructed to sense linear and angular 
accelerations, convert this energy into electrical 
impulses, and, mainly through influencing motor 
behavior, aid in orientation to the upright and eye
head-body coordination. Under natural stimulus 
conditions, behavioral responses to which the vestib
ular system contributes are characterized by auto
maticity, reliability, and egality among members of 
a species or subspecies. There is little if any aware
ness of vestibular influences when man is engaged in 
natural activities, because sensory inputs from ves
tibular organs are destined mainly for lower 
portions of the central nervous system. Conse
quently, we are not familiar through personal 
experience, as in vision or hearing, with the func
tions subserved. Indeed, it was not generally recog
nized until the turn of the century that these were 
organs of equilibrium rather than hearing. 

Concerted efforts have been made only recently to 
study the vestibular system comprehensively, which 
have been aided by the new techniques of morphol-

ogists, neurophysiologists, psychophysiologists, and 
others. Much of the basic work was done on marine 
forms and lower vertebrates, but more recently 
subhuman primates have been used. Few behavioral 
studies have been conducted, and in most of them, 
intact animals were not used. In some respects, 
behavioral studies are easier to carry out on man 
than on animals, and have the advantage of using 
the definitive experimental subject. Under natural 
stimulus conditions, the experimenter has poor 
control over the stimulus and is further limited in 
finding specific, reliable, response indicators; conse
quently, almost all human experiments depend on 
using an unnatural stimulus that elicits a response 
that is always unnatural and usually abnormal. This 
is done for the purpose of manipulating and 
measuring the stimulus to semicircular canal or 
otolith, or both, and to evoke specific measurable 
responses. The investigator gains advantages that are 
offset to a greater or lesser degree by individual 
differences in susceptibility to a disturbing stimulus, 
and individual differences in the rate of acquisition 
and decay of adaptation effects. Despite these 
difficulties and gaps in our knowledge, a con
siderable body of information on man is available. 

Space flights provide greater opportunities than 
problems for investigation of the vestibular organs. 
Transition into weightlessness abolishes the gravita
tional stimulus to the otolith apparatus similar to 
closing the eyes or entering a sound-free anechoic 
chamber. Thus it creates for the human or animal 
subject an experimental condition that is impossible 
to achieve on Earth yet essential to round out 
investigations of the otolithic system. The elegance 
of transition into weightlessness as an experimental 
procedure can only be appreciated in light of the 
profound disturbances associated with attempts to 
ablate these organs through surgical or other means. 
The weightless spacecraft offers a unique scientific 
opportunity to investigate relations between the 
otolithic apparatus, on the one hand, and canalic
ular and nonotolithic somatic sensory systems 
(touch, pressure, kinesthesis), on the other. 

Problems referable to the vestibular organs have 
appeared under stimulus conditions in the weightless 
spacecraft; to generate artificial gravity by rotating 
the spacecraft, major problems must be solved. Such 
problems arise mainly from the rapid transitions in 
and out of rotating environments, which disturb the 
vestibular system without allowing sufficient time 
for adaptation. Consequences are vestibular side 
effects that include visual and postural disturbances 
and motion sickness symptomatology. The vestib
ular mechanisms underlying the appearance and 
disappearance of these manifestations are compli-
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cated. Some understanding of these mechanisms is 
essential, therefore, not only for the prevention of 
side effects but also for the proper evaluation of 
trade-offs involved in making decisions regarding 
whether to generate artificial gravity and, if so, the 
design of rotating spacecraft. 

The End Organs 
The paired end organs are situated in hollowed 

channels in the petrous portion of the temporal 
bone (Fig. 8) [33]. Within the bony labyrinth, the 
membraneous labyrinth is surrounded by perilymph 
and filled with endolymph. Thus the sensory recep
tor mechanisms are protected from effects of super
imposed body weight by the bony labyrinth and, by 
virtue of contained fluids, from effects of accelera
tions. Exceptions to the protections are displace
ments due to differences in specific weight among 
fluid and solid tissues, and displacement due to 

Osseous labyrinth 
(canalicular port) 

Site of external 
aperture of 
vestibular 
aqueduct 

C1Jt 
turfoce 

inertial lag in fluid-filled circular ducts which 
resemble a torus. 

This " protection" is illustrated by findings on 
animal subjects exposed to high-peak and sustained 
linear acceleration [34-36] ; data derived from tests 
of squirrel monkeys at a wide range of linear 
accelerations are shown in Table 1. Immediately 
after exposure to sustained accelerations at levels 
below 60 G [34], none demonstrated abnormal eye 
motions and only a few manifested slight ataxia. 
Moreover, none sustained any damage to the vestib-
ular organs, as revealed by histologic study of the , 
gross and fine structure. At 60 G and above, 
fragmentation appeared in the otolithic zone. 

The Otolith Apparatus 
The four otolith organs appear as thickened 

portions, or macular plates, on the inner walls of 
the paired utricle and saccule (Fig. 9). These four 
curved macular plates together occupy (not 

MEMBRANOUS LABYRINTH: 
Semicircular duct 
Ampulla 
Utricle 
Endolymphatic duct 
Saccu la r duct 

External aperture of 
cochlear canaliculus 

FIGURE 8. Reconstruction of the Membranous Labyrinth and Related Anatomy [33]. 
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( p, peok-g exposure;+++, severe;++, moderate;+, slight: counting overlap) a significant portion of an 
imaginary sphere [37]. A cross section of the 
saccular macula of a squirrel monkey, similar to 
that in man, is shown in Figure 10, and a sketch of 
the zonal structure is shown in Figure 11 [38) . g-level 

20 ......... 
30 ......... 
40 ......... 
50 ......... 
60 ......... 
75 ...... ... 
80 ......... 
100 ....• . .. 
125 ....•.•. 
150 ••.••.•• 
175 ••..••.. 
200 •...•••• 

200 p •.. . ..• 
250 p ...... 
300 p ...... 
350 p ...... 
400 p ...... 
450 p ······ 500 p ······ 

±, questionable; - , negative ] 

Number 
of 

animals 

2 
3 
2 
3 
4 
2 
1 
3 
3 
6 
4 
6 

1 
1 
1 
3 
3 
4 
1 

Ataxia Spontaneous 
eye 

Floor Bor movement 

t ± 
+ 
+ + 

++ ++ 
+ + 
± :t 

++ ++ :t 
++ ++ ! 

+++ +++ + 
+++ ++ + 
+++ ++ + 

+ ++ + 
+ + 

++ +++ + 
++ +++ ++ 
++ +++ t 

+++ +++ ++ 

MACULA OF THE 
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The otolithic membrane contains otoconia (Fig. 
12) [39], concretions of calcium carbonate with a 
specific weight of about 2.71, embedded in a 
gelatinous material. This membrane is the only t is
sue within the bony labyrinth that differs consid
erably from the specific gravity of the lymph fluids. 
The hairlike projections of the sensory cells pro
trude into the cupular membrane on which the 
otolithic membrane rests. Movement of the otolithic 
membrane relative to these sensory "hairs," or cilia, 
constitutes the effective stimulus to the organ (Fig. 
13) [39]. 

The sketch in Figure 14 was drawn from elec
tronmicrographs of the sensory epithelium of the 
utricular macula of the squirrel monkey [40]. Two 
types of hair cells, each with two types of cilia, are 
depicted. Each cell has 60 to 70 sterocilia and one 
kinocilium laid out in strict geometrical ar
rangement. It is considered likely that the kino
cilium plays the major role in energy transfer. In 
different regions of the macula, kinocilia are 
polarized in different directions (Fig. 15); hence, a 
shearing force in one plane will result in kinocilia 
moving in different directions with reference to the 
kinociliar pole [ 41] . 

COCHLEA 

FIGURE 9. Labyrinth of Left Ear as Viewed from the Medial Aspect. 
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FIGURE I 0. A View of Macula Saccula from a Squirrel Monkey (38]. Zonal structure is clearly seen. 

ENDOLYMPH B 
15-20,i OTOLITHIC ZONE 

10-151' 
5-81' 

25,,. 

100,,. 

CUPULAR ZONE 
SUBCUPULAR ZONE 

HAIR CEL L 8 
SUPPORTING CELLS 

CONNECTIVE TIS SUE 

BONY TISSUE 

FIGURE I I. Schematic of the Zonal Structure of the Macula Sacculi in the Squirrel Monkey [38]. 
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Figure 12. Scanning Micrograph Showing Statoconia from 
the Macula Utriculi in the Cat [39]. 

It is generally agreed that the receptors in the 
otolith organs are stimulated by changes in their 
position relative to the direction of gravity, and by 
linear and Coriolis accelerations. The "power train," 
constituting the cilia-otolith mechanism, is initiated 
by a displacement between the otolithic membrane 
and the membrane supporting the hair cells [42] . 
The result is mechanical deformation of the cilia 
(kinocilium) which, in turn, causes chemical changes 
affecting the generation of bioelectricity (nerve 
action potentials). After a suprathreshold stimulus, 
the resting spike discharge is altered in its temporal 
and spatial patterning, constituting the propagated 
discharge which, traveling along nerve fibers to the 
central nervous system, is the means by which 
otolith sensory inputs affect behavior. Most receptor 
cells have a resting discharge, but some do not. 
Typical responses are shown in Figure 16 [43]; 
deviation toward or away from the kinociliar pole 
has opposite effects. In some cells, stimulation may 
result in abolition of the resting discharge. 

There is proof of a tonic otolith influence even 
in the absence of impulse accelerations (ocular 
counterroll) and when the head is apparently fixed 
with respect to the gravitoinertial vector ( oculo
gravic illusion). Presumably, this to nus has its 
genesis in the cilia-otolith mechanism. Two possi
bilities must be considered. First, there are contin
ual, slight (unavoidable) changes in position of the 

Figure 13. Bundles of Sensory Hairs at the Periphery of 
the Macula Utriculi in the Chinchilla [39]. 

Figure 14. Schematic of an Area from a Vestibular 
Sensory Epithelium with the 1\vo Types of 
Haircells (HCI and HCII). KC, kinocilia; St, 
stereocilia [ 40] . 
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LATERAL 

FIGURE 15. Schematic of Polarization Pattern of Sensory Cells in Macula Utriculi of Guinea Pig [41]. 

Arrows indicate the direction of polarization showing how it spreads fan li ke from one side of macula up to a 
certain line beyond which polarization is reversed . Kinocilia on either side of t his divid ing l ine are facing 
each other. 

DISPLACEMEN T OF SENSORY HAIRS 

RESTING STATE TOWARDS 
KINOCILIUM 

AWAY FROM 
KINOCILIUM 

DIS CHARG E RATE VESTIBULAR NE R VE 

RESTING ACTIVITY STIMULATION INHIBITION 

( D E PO L AR IZ AT I ON ) (H YP ER POL A RIZAT ION) 

FIGURE 16. Electrical Discharge Rate of the Hair Cells as a Function of Displacemen t of the Sensory Hairs [ 43]. 
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macular plates with respect to the gravity vector, 
constituting in effect an accelerative stimulus 
making the otolith organs act as accelerometers. 
Second, receptor units fire continually in response 
to the weight of the otoconia, in which case the 
otolith apparatus reacts both as an accelerometer 
and a static pressure transducer. Several recent 
reports deal with modeling of the input-output 
relations of the otolith apparatus under both static 
and dynamic conditions [44-46]. 

The Semicircular Canals 
The gross structure of the semicircular ducts is 

quite different from that of the otolith organs, 
although the sensory epithelium is similar. 

The so-called "semicircular" canals actually form 
a complete circuit by virtue of their connections 
with the utricle (Fig. 8). One extremity of each 
canal is dilated to form the ampulla; a cross section 
of a horizontal canal ampulla in the squirrel 
monkey is shown under low magnification in Figure 
17 [38] . The crista is a transverse ridge of tissue 
covered with the sensory epithelium containing 
sensory receptor cells similar to those in the 
macular plates. 

Kinocilia in the hair cells are uniformly 
polarized; in the horizontal canals they are toward 
the utricle (utricular pole) and in the vertical canals 
toward the opposite pole. Cilia extend into the 
cupula, and this structure completes a fluid-tight 
gate across the ampulla. The cupula is hinged at the 
crista and free to move back and forth, from its 
position in the capillary dome, in response to 
movements of the endolymph. According to Groen 
[47] , the motion of the cupula is frictionless, and 
during these motions the seal remains fluid-tight. 

Clockwise rotation of the canal about an axis at 
right angles to the plane shown in Figure 17 would 
result in an inertial lag of the endolymph, causing 
the cupula to be displaced counterclockwise. This 
cupula-endolymph mechanism has been likened to a 
heavily damped torsion pendulum. Its dynamics 
may be expressed by a second-order differential 
equation relating angular deviation of the cupula to 
angular acceleration normal to the plane of the 
canal. The power train transforming angular accel
eration forces to electrical energy in the semicircular 
canals is apparently quite different from the 
corresponding mechanisms in the otolith organs. 
Moreover, gravity, which plays a major role under 
natural stimulus conditions in the cilio-otolith 
system, may be neglected. 

Head motions under natural conditions generate 
a high angular acceleration with the onset of rota
tion, angular in character, followed by a very brief 

period of rotation approaching constant velocity, 
and ending with another transient acceleration of 
opposite sign. Although the acceleration and decel
eration magnitude may be different, the time
integral of angular acceleration at the onset and 
offset are equal (area under the curves). Thus, under 
most natural conditions, it is thought that the end 
organ responds as an integrating accelerometer. 

The orientation of the six semicircular canals 
with reference to the coordinate planes of the head 
is shown in Figure 18. It will be noted that, al
though the three canals on one side lie approxi
mately in mutually perpendicular planes, only the 
horizontal canals lie close to one of the coordinate 
planes of the skull, the superior and posterior canals 
deviating by 45 degrees from the sagittal and frontal 
planes. Although the two "horizontal" canals are 
coplanar, this plane lies at a 20 to 30 degree angle 
to the horizontal plane of the head, open above, as 
viewed from the front. When man is upright, by 
flexing the head forward in the "ape position," the 
horizontal canals are approximately coplanar with 
the Earth horizontal. Rotary motions in the 
horizontal plane generating impulse angular ac
celerations would stimulate the horizontal pair of 

Figure 17. Crista-Cupula System of Horizontal Canal from 
Squirrel Monkey [38). 
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Figure 18. Orientation of Semicircular Canals (enlarged) as 
Viewed in the Skull from Above. 

canals, although not maximally. Rotation in the 
sagittal and frontal planes would generate angular 
accelerations in planes almost 45 degrees from the 
planes of vertical (superior and posterior) canals. 
The operational significance is evident when a 
pilot's canals are stimulated during pitch, roll, and 
yaw of an aircraft [48, 49]. The full significance of 
differences in orientation between horizontal and 
vertical canals with reference to the head awaits 
elucidation. 

A sizable and important body of information 
deals with input-output relations of the semicircular 
canals [50-57], mainly the horizontal pair of canals. 
Models based on man's responses to stimulation of 
the horizontal pair of canals conform closely 
[58-62] to theoretical predictions. Some discrep
ancies may be explained on the basis of a "central 
inhibitory mechanism" [63] and "pattern centre 
interference" [64]. Attempts to extend the scope 
of mathematical description of function of the three 
pairs of canals and to develop models have been less 
successful than for the horizontal pair of canals. 

Central Nervous System (CNS) Connections 

This section summarizes briefly the exceedingly 
complex vestibular reflex mechanism, and points 

out some of the important functional neuroana
tomical relations. Figure 19 indicates the principal 
nervous pathways [65] and some additional features 
are shown in Figure 20 [66] . 

Afferent impulses from sensory receptors in the 
canals and otolith organs are propagated along firs t
order neurons that terminate in the vestibular 
nuclear complex, cerebellum, and reticular forma
tion. According to one authority [67], some 
primary fibers reach the motor nuclei of the extra
ocular muscles, although this was not verified in a 
later investigation [68]. These terminations are sites 
of origin for monosynaptic vestibular pathways and 
receiving sites for reciprocal or outside influences. 
The widespread distributions of these neuronal 
chains and networks, along with the less well-known 
efferent fibers terminating in the receptor cells of 
the canals and otolith organs, constitute the reflex 
vestibular system. 

The vestibular nuclear complex is the chief 
center of the vestibular system with regard to both 
anatomical organization and functional control. The 
vestibular nuclei have important reciprocal linkages 
with the cerebellum and reticular formation; they 
send out major projections that ascend, descend, 
and cross the neuraxis, and contain sites for inter
connection with other sensory systems and other 
neural mechanisms coordinating reflex activity 
[69-76]. 

There is evidence that vestibular activity reaches 
areas to which specific tracts have not yet been 
identified anatomically. Representation in the 
cerebral cortex of the brain has been established by 
means of the evoked potential method [77-79] . 
Connections between the vestibular system and 
visceral nervous system have been demonstrated, 
using electrophysiological methods on animal sub
jects [80-82] and behavioral indicators for man 
exposed to unusual periodic accelerations. 

The vestibular system, concerned almost entirely 
with control of movement, is subject to strong 
modulating influences. Specific control over afferent 
impulses may be in the nature of gating mechanisms 
subserved by efferent vestibular fibers (83-86]. The 
cerebellum contributes greatly to the fine control of 
movement and exercises a strong tonic inhibitory 
control over vestibular reflexes. Cortical influences 
are also mainly inhibitory, as are those originating 
in the reticular formation [87, 88]. 

Extensive connections of the vestibular system 
with motor nuclei of the extraocular muscles 
deserve special attention. In the cat, stimulation of 
a branch of the vestibular nerve supplying a single 
canal may result in conjugate deviation of the eyes 
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FIGURE 20. Possible (abnormal) lnadiation of Vestibular Activity (dotted lines) Following a Strong Coriolis Acceleration. (First 
order refers to effects) [66] 

[89). Such movement, involving agonists and 
antagonists, implies that messages with highly 
specific physiological "meanings" are sent to the 
extraocular motor nuclei. The close relationship 
between the vestibular system, on the one hand, 
and vision and the control over eye motions, on the 
other, has a firm foundation in the underlying 
neuroanatomical relations. 

Extensive connections, some of them mono
synaptic [76), also exist between some of the 
vestibular nuclei and the spinal cord, particularly to 

those portions controlling movements of the head 
and trunk. These underlying neuroanatomical rela
tionships provide the foundation for the powerful 
control the vestibular system exerts on coordinated 
movements of eyes, head , and trunk. 

Reciprocal influences between canalicular and 
otolithic inputs and integration between right and 
left vestibular inputs are of great importance; some 
of the anatomical pathways and sites of interaction 
have been identified and studied in detail. The 
benefits of the advantages of having paired organs 
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must lie in synergism effected in the central nervous 
system, since loss or even damage to one labyrinth 
results in not only loss of servation but also in 
severe vestibular disturbances. These disturbances 
that may be severe in man would be fatal to many 
animals; they are in sharp contrast to the little or 
no disturbance following unilateral loss of visual or 
auditory function. Since vestibular influences do not 
reach the neocortex to any great extent, the 
possibility of right-left differences based on learning 
would be negligible, which is a matter of practical 
significance. 

I 

Vestibular Input-Output Relations 
An effort to identify important elements 

determining vestibular input-output relations is 
shown schematically in Figure 21. In this frame
work, the vestibular organs play either the essential 
role or a contributory role in a multitude of re
sponses under different stimulus conditions. At the 
bottom of the chart there is a brief categorization 
of circumstances giving rise to normal or abnormal 
vestibular responses. Emphasis here will be mainly 
on the responses elicited in normal persons under 
natural terrestrial conditions or on exposure in 
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unusual gravitoinertial force environments (shown in 
Block I of Fig. 21). Man's motions, especially those 
involving rotation of the head, make a very impor
tant contribution to stimulus patterns. The cupula
endolymph and cilio-otolith mechanisms (Block II) 
have been discussed in the section on end organs. It 
is important to recall that mechanical events inter
posed between cessation of the accelerative stimulus 
and discharge of afferent impulses may be greatly 
prolonged in the canal, depending on antecedent 
events, giving rise to "illusory" aftereffects. 

The canalicular and otolithic systems are shown 
(in Block III) as separate and interacting, although 
the combining term "vestibular system" is 
commonly used since the central nervous system 
pathways of the two components have not been 
fully traced; behavioral responses often represent a 
"combined" effect. The arrow (between Blocks II 
and III) indicates the efferent or return flow of 
impulses to the end organs, thus closing a loop; this 
efferent vestibular activity is under intensive study. 
Morphological evidence is on a firm basis [84, 86, 
90], but man's functional role is uncertain. Likely 
it will prove inhibitory, which has been shown in 
the frog [91]. 

Natural and representative unnatural canalicular 
and otolithic activity patterns are shown under 
.!.ctivity Pattern at the bottom of Figure 21. Inter
actions between the canalicular and otolithic 
systems have been demonstrated under abnormal 
stimulus conditions [92-95], and between vestibular 
and nonvestibular systems (notably vision) [96-98]. 
A listing of typical secondary influences is shown. 
When man is engaged in natural activities under 
terrestrial conditions, the main chain of events 
involves those in Blocks I to IV of Figure 21. The 
loop is closed by virtue of (1) gravity, (2) man's 
motions generating immanent accelerations, and 
(3) changes in position of the otolith apparatus with 
regard to direction of the gravitational or gravito
inertial vertical and gravity. Vestibular influences 
find expression mainly through articulating motor 
effector systems concerned with postural stability 
[99] and stabilization of the retinal image [I 00], 
which are termed "normal system-bound responses." 

In unnatural gravitoinertial force environments, 
the canals or otolith organs or both are stimulated 
in an unusual manner (Fig. 21, Activity Pattern), 
eliciting vestibular side effects that may fall into 
two categories, system-bound and nonsystem-bound 
responses. The former mainly comprise reflex 
phenomena such as nystagmus (Block V). The latter 
constitute an epiphenomenon elicited by certain 
repetitive stimuli which not only disturb the 
vestibular system but allow vestibular influences to 

stimulate cells outside the system (Block VIII). These 
responses include the symptomatology of motion 
sickness. Certain aspects of these input-output 
relations will be discussed in detail below. It is 
important here to point out distinguishing charac
teristics of system-bound and nonsystem-bound 
responses and the principal means of their 
relationship. 

The multitudinous system-bound responses that 
can be elicited under unnatural stimulus conditions 
range from near-normal to grossly abnormal and 
defy easy categorization. It is helpful to keep in 
mind the approximate location of a specific 
response in the broad spectrum (since in general, 
the greater the departure from normality the greater 
the individual difference in susceptibility, acquisi
tion, and decay of adaptation effects). This 
approach to classification is made difficult by the 
fact that the same phenomenon evoked by a 
threshold or suprathreshold stimulus may fall into 
the spectral extremes. The term reflex vestibular 
disturbance (RVD) designates the entire range, 
except in some instances at the near-normal end. 

In general, RVD reflects instability of the 
vestibular system. Typical manifestations include 
nystagmus, the oculogyral illusion, eye-head-body 
incoordination, and postural disequilibrium . 
Systematic studies reveal characteristics of the 
various responses that may be observed or inferred. 
In general, these responses manifest: (1) short 
latencies typical of reflex phenomena; (2) maximal 
responses to the initial stimulus; (3) modulation by 
secondary influences; ( 4) little evidence of temporal 
perseveration on cessation of the stimulus ( ex
plicable exceptions here); and (5) a response decline 
indicating the effect of adaptation. When stimulus 
patterns have the potential for precipitating motion 
sickness (as well as RVD), these symptoms may be 
avoided, for example, by short exposure, making it 
possible to elicit reflex vestibular disturbances as 
"isolated" vestibular responses. Much of the fol
lowing discussion, however, applies only to motion 
sickness [101-106]. 

Typical overt symptoms of motion sickness are 
well-known. Systematic studies reveal the charac
teristics of (1) delayed appearance of symptoms 
after onset of the stressful stimuli; (2) gradual or 
rapid increase in severity of symptoms; (3) modula
tion by secondary influences; ( 4) perseveration after 
sudden cessation of stimuli; and (5) response 
decline, indicating recovery. Further abstractions 
reveal great individual differences in susceptibility 
and in acquisition and decay of adaptation; transfer 
of adaptation effects; learning; and conditioning. 
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The appearance of symptoms always indicates 
that the adaptive capacity of the vestibular system 
has been exceeded. Indeed, even prior to the 
appearance of overt responses it can be demon
strated that the individual's susceptibility has arisen. 
Moreover, the order of appearance of symptoms is 
affected by the strength of stressful stimuli and 
length of exposure. Secondary etiologic influences, 
categorized in Figure 21, are always present, tending 
either to raise or lower susceptibility. Vision plays 
an important role. A pilot, for example, free of 
symptoms in the cockpit, may experience motion 
sickness in the navigator's closed compartment. Mild 
symptoms of motion sickness have disappeared 
under the influence of experimenter-directed tasks 
that may have preempted central nervous system 
pathways used by irradiating vestibular influences. 
Covert factors may come into play, which include 
defects, disease, and functional disturbances not 
diagnosed or wrongly considered unimportant. 
Examples are personality defects, making a person 
unwilling or unable to cope with functional dis
orders of vestibular origin, prodromal stages of 
disease, and undiagnosed vestibular disease or 
functional disorder. 

Little is known concerning the precise nature of 
the facultative linkage. The fact that irradiating 
vestibular activity is demonstrably open to modu
lating influences points to the use of common path
ways in the brainstem reticular formation. This 
common meeting ground between somatic and vis
ceral systems is essential, not only for coordination 
at the reflex level, but also to provide voluntary 
control over otherwise autonomic responses. The 
unusual (but not unique) characteristic of the 
vestibular linkage is the readiness with which 
vestibular activity may get "out of bounds" and 
elicit widespread responses that include typical 
symptoms of motion sickness. There is a long delay 
at times between the onset of stimulation and 
appearance of motion sickness, which suggests that 
a chemical linkage may also be involved. 

Recovery during continual exposure to stress is 
complicated. At some point in time, the tendency 
toward restoration of homeostasis in nonvestibular 
systems exceeds the influences having a contrary 
tendency. At another point in time, nonvestibular 
systems are freed from vestibular influences (adapta
tion in the vestibular system and disappearance of 
any neurohormones released). Then restoration 
takes place spontaneously through homeostatic 
events and processes, not only in the systems 
responsible for first-order effects, but in all systems 
involved in higher order effects and complications. 
Curves depicting the time course of adaptation in 

E.B.M. 2.2-E 

the vestibular system, the disappearance of ves
tibular influences, and the restoration in non
vestibular systems tend to overlap and have not 
been clearly defined. Thus, engagement and dis
engagement between the vestibular and non
vestibular systems is difficult to follow, but 
interesting to study. 

Investigations dealing with reflex vestibular 
disturbances and motion sickness in man may be 
directed to the solution of an operational problem, 
or to the accumulation of facts, the synthesis of 
which would be applicable to any operational 
problem. 

Nonvestibular mechanoreceptors may be stimu
lated by mechanical and gravitoinertial forces, but 
the vestibular organs are stimulated only by gravito
inertial forces. (This was pointed out in connection 
with Figures 1 and 2.) These differences become 
important on transition into weightlessness; in 
addition, the two vestibular organs are affected very 
differently, as summarized in Figure 22. Pre
sumably, when the astronaut is at rest with head 
fixed, there would be physiological deafferentation 
of the otolith apparatus, with consequent loss of its 
tonic discharge but retention of a spontaneous or 
resting discharge [107, 108] , analogous to the 
difference between eyes-open and eyes-closed. There 
would be no corresponding effect on the semi
circular canals. Rotations of the head would provide 
stimulus to the canals the same as under terrestrial 
conditions. However, the transient linear accelera
tions generated might or might not constitute an 
adequate stimulus to the otolith apparatus, and, if 
adequate, the information would neither be useful 
for orientation to the upright nor concordant with 
the canalicular input. Thus, among vestibular 
receptors and nonvestibular mechanoreceptors, the 
canals alone are stimulated essentially the same with 
natural movements of the head (body) under 
terrestrial and weightless conditions. The otolith 
organs encounter a unique stimulus condition with 
the lifting of the stimulus due to nullification of 
gravity. 

Inversion Illusion 
From the operation viewpoint, the astronaut may 

experience the inversion illusion, motion sickness, 
and, probably, the loss of the A and E phenom
enon, and rotary autokinesis. 

In space flight, some cosmonauts have expe
rienced the inversion illusion on making the transi
tion into weightlessness [8, 109]. The phenomenon 
is probably dependent on physiological deafferenta
tion of the otolith receptors, which is suggested by 
the observation in parabolic flight that some normal 
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subjects, but no labyrinthine-defective (L-D) subject, 
experienced the illusion [110) . 

The problem of motion sickness experienced in 
orbital flight and in the weightless phase of 
parabolic flight is discussed in a subsequent section. 
Not easily explained are the great individual dif
ferences in susceptibility to motion sickness in 
weightlessness, resulting not only from normal 
stimulation of the canals but also from cross
coupled angular accelerations that would result from 
head motion in a rotating vehicle. It would appear 
that some persons have unusually low and some 
unusually high susceptibility. Thus, the subgravity 
level is a parameter that must be taken into account 
as well as the angular velocity. The curves describing 
susceptibility to motion sickness as a function of 
subgravity level can be determined from experi
ments in parabolic flight, but require validation 
under actual space flight stimulus conditions. The 
U.S. experience with regard to motion sickness in 
space missions has recently been reviewed in detail 
[ 111] , and the Soviet experience is also a matter of 
record [2, 8, 112,1 13). 
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Figure 23-A. Change in E-Phenomenon as a Function of In
creasing g Level in Normal Subjects (117]. 

A and E Phenomena 

Wade [ 114) has recently reviewed the literature 
dealing with visual orientation to the upright (and 
how it is influenced by body position with ref
erence to the gravitational vertical) and has analyzed 
the contributory role of postural mechanisms in 
terms of the otolith, neck, and trunk systems. In 
brief, it is readily demonstrated that when man is 
upright, orientation of a visual target to the gravita
tional vertical and horizontal, in the absence of 
visual cues to the upright, is accurate and that with 
rightward or leftward tilt, a bias appears first in a 
gradual displacement of the visual vertical to the 
opposite side of the gravitational vertical, the Mi.iller 
[115] or E effect; after tilting through 65 degrees 
the bias reverses and eventually is displaced toward 
the same side, the Aubert [116] or A effect. 

In Figures 23-A and 23-B, the curves demonstrate 
differences between normal and L-D subjects, 
respectively, in perceiving A and E effects, which 
clearly point to contributory influence of the 
otolith apparatus [1 17]. Some evidence that this 
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bias is lost in weightlessness was demonstrated in 
Gemini flights V and VII [118], suggesting that 
under terrestrial conditions it is dependent on 
otolithic and nonotolithic gravireceptors. In the 
Gemini flights there was no evidence of perception 
of rotary autokinesis, which is probably related to 
the A and E phenomena. Rotary autokinesis is 
perceived both by normal and L-D subjects under 
terrestrial conditions [ 119] . 

Theoretically, it is not an overstatement that the 
role of the vestibular organs will never be fully 
elucidated without conducting experiments in the 
weightless spacecraft. Only in the weightless space 
laboratory will it be possible to: (1) investigate the 
role of tonic otolithic activity due to gravity; 
(2) uncouple otolithic and nonotolith mechano
receptor influences; and (3) investigate an elegant 
example of vestibular disturbance due to deafferen
tation rather than an abnormal pattern of otolithic 
stimulation. 

VESTIBULAR PROBLEMS AND GENERATION 
OF ARTIFICIAL GRAVITY 

The "vestibular problem" is one to be con
sidered, among others, to determine vehicle design 
criteria. Those who are concerned include: (1) spe
cialists knowledgeable in regard to other human 
element problems; (2) engineers who must ensure 
inertial stability of the vehicle, taking into account 
"cost"; (3) astronauts who must assume partial re
sponsibility in self-prevention of vestibular side 
effects, and, along with astroscientists, participate as 
subject or observer in validation experiments; 
(4) biomedical personnel in charge of long-range and 
specific-mission plans; and (5) investigators con
ducting ground-based supporting experimentation. 

With regard to trade-offs in reaching a com
promise regarding the design of a rotating space 
vehicle, laboratory studies have indicated that 
vestibular side effects tended to increase as a log 
function of angular velocity (generating cross
coupled angular accelerations) and that other 
physiological side effects are the result of short
radius and high-angular velocities. Thus, it seems 
that the approach to the compromise involves rela
tive weighting factors assigned to the cross-coupled 
angular acceleration, Coriolis accelerations, and sub
gravity level (short-radius effects would not be 
involved if the other conditions were satisfied). 

Limitations in simulating novel stimulus con
ditions, such as those involved in making sudden 
transitions between rotating and nonrotating por
tions of a space base, force an extension of ground
based studies to include validation of observations 
and experiments conducted aloft. The astronaut 

necessarily plays the key role in this integration. As 
the subject he can serve as his own control in 
validating studies; as the on-board experimenter, he 
is essential in conducting experiments and making 
observations aloft; as the astronaut, he has responsi
bilities in preventing vestibular side effects during 
the mission. Prevention involves taking charge rather 
than responding to events, and requires close co
operation between the astronaut in the space base 
and the biomedical representatives in the ground
based control center, during the period of adjust
ment. 

Ground-based activities involving the astronaut 
center around individualization of the problem in 
preventing vestibular side effects and the astronaut's 
somewhat complementary roles of subject and on
board experimenter. Major elements of the activities 
include selection (or secondary selection), instruc
tion, preflight adaptation, monitoring his progress 
during the mission, and postflight assessment. For 
the astroscientist, who does not double as an 
astronaut, considerations are somewhat different. He 
would not be under the same time-load stress as the 
astronaut prior to launch, and, presumably, there 
would be little restriction in terms of participation 
in prelaunch assessment, indoctrination, and adapta
tion. Since his tasks aloft would not include items 
critical for life support, rapid adjustment to stimu
lus conditions would not be necessary, which in 
turn would permit greater freedom in the selection 
process. The direction of the ground-based experi
mental program would be determined largely by 
findings obtained under space flight conditions. 

The operational objective of concern here is the 
prevention of vestibular side effects. This eventually 
reduces to the selection process, adaptation, educa
tion, and experience, and the use of various 
countermeasures including drugs. The sections to 
follow will be organized around various vestibular 
"tests," during which the astronaut will become 
indoctrinated and the biomedical staff will acquire 
the information necessary to make decisions. 

Vestibular Assessment in Astronauts 

Distinction among functional, provocative, and 
simulation tests is useful, although somewhat arbi
trary. Only simulation tests will be discussed in 
detail here, mainly because th ey comprise the most 
important tests for assessing astronauts, and partly 
because some of the material is not readily acces
sible elsewhere. 
Functional Tests 

According to evidence, functional test scores 
within the normal range have no value in predicting 
individual differences in susceptibility to reflex ves-
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tibular disturbances and motion sickness [ 112, 113, 
120]. They are valuable, nevertheless, from the 
clinical standpoint (ruling out overt and, if possible, 
cryptic defect or disease), and from the standpoint 
of making comparative measurements, with the 
astronaut serving as his own control. The reliability 
of most vestibular tests is not high when compared 
with vision or hearing tests; hence, there is need or 
desirability for repeated measurements on astronauts 
who serve as experimental subjects. Functional tests 
should be used in the selection of aviators, astro
nauts, and subjects for vestibular experimentation . 

Clinicians have described batteries of tests [ 103, 
121-124] which might be referred to for details, 
but nearly all batteries include tests for spontaneous 
and positional nystagmus, a modified Hallpike test. 
Some clinicians use a visual-tracking " pendulum 
test," which will be described briefly. 

Eye motions are recorded while the subject 
"tracks" an oscillating target. Displacement 
and frequency of the pendulum device can be 
varied. Normal persons begin to have diffi
culty in tracking the target with displacements 
greater than 20 degrees and a frequency 
greater than 0.8 Hz (oscillation time= 1.2 sec), 
which is declared by the appearance of 
saccadic perturbation in the record. The 
testing procedure can be exploited by using 
one eye for fixation. Typical results are shown 
in Figure 24. 
Tests of canal function. Thermal stimulation con

sists of delivering a jet of water of known tempera
ture, at a predetermined rate and volume, against 
the eardrum. The head is positioned so that the 
horizontal paired canals are vertical. Differences in 
specific weight of endolymph at body temperature 
and that portion of the canal influenced by the 
irrigating water cause displacement of the cupula. 
Thermal stimulus to one ear is grossly abnormal 
because of the disturbance created in the delicate 
right-left synergistic mechanisms underlying normal 
canalicular function. Each horizontal canal can be 
stimulated individually (vertical canals also can be 
stimulated), which is a great advantage. The nystag
rnic response may be observed, but nystagmographic 
recordings are recommended for objectivity and to 
provide better opportunity for analysis. 

With the well-known Hallpike test [125], irri
gating temperatures of 30° and 44°C are used. 
While nausea may be induced in highly susceptible 
persons, the great advantage is in determining what 
is termed right-left labyrinthine and directional 
preponderance. The threshold caloric test [l 26], 
used routinely, has advantages for screening pur
poses and comparative measurements; the subject 

B 

C 

D 

E 

A. normal tracking movement D. lesion vestibular nuclei 
B. congenital nystagmus E. basilar im pression 
C. acoustic neuroma on left side F. posttraumatic nystagmus 

Figure 24. Eye Movements Recorded during Pendulum 
Test. 

serves as his own control, and the vestibular distur
bance is brief and recovery quick. Irrigating temper
atures just below body temperature usually suffice; 
if not, decreases by steps are made until a response 
is obtained. If irrigating temperatures below 35°C 
are required to elicit a response, some abnormality 
should be suspected. • 

Angular acceleration thresholds. Rotating devices 
have been fabricated that provide not only stimulus 
of a physiological character (albeit unusual), but 
also may have excellent performance characteristics, 
including preprogramming. The most sensitive indi
cator is the oculogyral illusion, but "sensations" and 
nystagmus are also used routinely. 

The oculogyral illusion is a form of apparent 
motion that has its genesis in the cupula-endolymph 
mechanism and may be viewed under many dif
ferent circumstances [127]. In measuring "thresh
olds," one of the favorable conditions is a dimly 
lighted three-dimensional target viewed in darkness 
and fixed with regard to the subject. Expected 
apparent motion is in the direction of acceleration. 
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Clark and Stewart [128] reported that the mean 
threshold for the perception of the oculogyral il
lusion was found to be 0.11 ° /sec2 in 32 normal 
subjects when they were exposed to rotation in the 
vertical axis for 10 seconds. 

Tests of otolith function. Ocular counterrolling, 
described in detail by Miller [129], has the advan
tage of not disturbing the vestibular system; hence, 
it qualifies as a test to be conducted under near
normal stimulus conditions. Values obtained with 
different degrees of rightward and leftward tilt de
scribe curves that can be examined for left-right 
symmetry. The "index" values ( one-half the sum of 
the maximal left and right roll), obtained in a group 
of 550 presumably normal persons and 10 
labyrinthine-defective (L-D) subjects, are shown in 
Figure 25 [130]. The rare instances when values fall 
below 120 seconds of arc are unexplained. 

A variety of other tests are available, but none is 
recommended as a substitute for ocular counter
rolling; sometimes a second test is desirable if facili
ties for counterrolling are not available. The other 
tests include (1) the oculogravic illusion test [96], 
(2) elicitation of compensatory eye motions by 
exposing a subject to horizontal oscillations on a 
horizontal swing or other device [131], and 
(3) elicitation of nystagmus in a device that rotates 
the subject about an axis other than Earth vertical, 
or revolves him in a counterrotating capsule or 
room that exposes him to a rotating linear accelera
tion vector [132-1 35]. 
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The oculogravic illusion deserves brief mention 
since it is perceptible in a rotating environment. 
When a person is subjected to change in direction of 
the gravitoinertial vertical with reference to himself, 
this is rightly interpreted as body tilt away from the 
upright; the visual framework tends to tilt con
cordantly which has been termed the oculogravic 
illusion [96] . It is mainly dependent on the in
tegrity of the otolith system, although nonvestibular 
proprioceptors may contribute to its perception. 
When a person views an objectively vertical lumi
nous line in the dark, it will appear to tilt when the 
direction of the resultant force vector has inclined 
about 1.5 degrees from the Earth vertical. The 
observer's estimates of the tilt correspond closely to 
the change in direction of the resultant vector, up 
to about 30 degrees; beyond this the subject 
increasingly overestimates the angular change. Figure 
26 shows estimates of the illusion by normal and 
LD subjects under dry and head-out water immer
sion conditions on a human centrifuge [136]. 
Greater individual variation in the settings was made 
by the L-D compared to the normal subjects, but 
the contribution of (mainly) nonotolith gravi
receptors under dry conditions in the case of the 
LD subjects is evident. Water immersion simulated 
the weightless conditions to some extent with 
regard to nonotolith, but not to otolith receptors. 

Postural equilibrium test battery. A limitation of 
postural equilibrium tests is that many systems, in 
addition to the vestibular reflexes, are challenged; 
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FIGURE 25. Distribution of Counterrolling Index among Normal and Labyrinthine-Defective Subjects [ 130] . 
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however, a distinct advantage is the testing of natu
ral behavioral mechanisms. Findings in subjects with 
partial loss of vestibular function (137] suggest that 
postural equilibrium is more dependent upon cana
licular than on otolithic function . A useful test 
battery, described in detail by Graybiel and Fregly 
[138], requires the subject to stand or walk in the 
stringent position of body erect, arms folded against 
chest, and wearing flat-heeled leather-soled shoes. 
Test items that constitute this battery are: 

Sharpened Romberg (SR): Stand on floor, 
eyes closed, feet in heel-to-toe position. 
Maximum score, 240. 

Walk eyes open (E/O): Walk heel-to-toe, eyes 
open, on rail ¾-inch wide. Maximum score, 
15. 

Stand eyes open (E/O): Stand heel-to-toe, 
eyes open, on ¾-inch rail. Maximum score, 
180. 

Stand on leg, eyes closed (SOLEC): First right 
leg (SOLEC-R), then left leg (SOLEC-L). 
Maximum score, 150. 

Walk a straight line heel-to-toe on floor 
(W ALEC). Maximum score zero. 

The scores are normalized in percentile equivalents; 
some comparative scores are shown in Table 2. 
Scores below the 6th percentile are regarded as 
abnormal, and above the 40th, in the typical normal 
range. In general, improvement in scores suggests 
normality, and its absence, abnormality. 
Provocative Tests 

Provocative tests are important in evaluating a 
person's susceptibility to reflex vestibular distur
bances and to motion sickness. In addition, they 
may measure his ability to cope with such distur
bances, either with or without the aid of counter
measures, including the use of drugs. Factors of 
etiologic significance may be introduced, in addition 
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Table 2. Group Differences in the Percentage of Abnormal Ataxia Test Battery Scores 

Subject groups N 

Normals 240a 

Patients with vertigo 76b 

Congenitally deaf 3 

Head injury deaf 5 

Unilat. labyr.-defect. 11 

Meniere's patients 4c 

Bilat. labyr.-defect. 26 

Walle 
E/0 
(%) 

1 

18 

0 

60 

18 

25 

72 

Stand 
E/0 
(%) 

5 

26 

0 

60 

18 

50 

96 

aN = 198 on SOLEC-R and SOLEC-L; N = 147 on WALEC 

bN = 31 on SOLEC-R and SOLEC-L; N = 38 on WALEC 

cN = 3 on SOLEC-L and WALEC 

to the gravitoinertial force environment, to simulate 
more completely the anticipated operational condi
tions, or to explore their roles in affecting an indi
vidual's susceptibility to novel circumstances. 

The distinctions between provocative and simula
tion tests are: primarily, duration, and second, spec
ificity in tenns of the global exposure conditions. 
Thus, the predictive value of provocative tests is less 
than that of simulation tests. Validity of the 
findings, in the case of functional tests, is com
promised if the subject is either suffering from 
active disease involving the vestibular systems, or 
has not compensated completely from permanent 
injury that is no longer active. 

In conducting and interpreting the results of 
provocative tests, difficulties are encountered and 
precautions must be taken, which bear some rela
tionship. Difficulties originate in: (1) individual dif
ferences in susceptibility to a given test; (2) intra
individual differences in susceptibility with exposure 
to different gravitoinertial force environments; 
(3) preternaturally high susceptibility if sufficient 
time has not elapsed between exposures; (4) adapta
tion as an inevitable consequence of every test, with 
considerable individual variation in the rate of ac
quisition and of loss of adaptation; and (5) expres
sing the results in absolute values. There would be a 

Stand 
E/C 
(%) 

4 

22 

33 

80 

18 

75 

96 

SR 
(%) 

7 

37 

67 

60 

64 

100 

100 

SOLEC-R 
(%) 

3 

23 

33 

80 

46 

100 

100 

SOLEC-L WALEC 
(%) (%) 

4 3 

35 29 

67 67 

80 40 

64 100 

100 100 

100 100 

great advantage in using nonnalized scores and 
standardized techniques. 

There are advantages in the use of provocative 
tests, such as the low "cost" (in tenns of time and 
equipment), making a "test battery" feasible; indi
vidual testing is practicable; and their value in 
studying vestibular mechanisms and in evaluating 
countermeasures. While a great number of provoca
tive tests are in use, only a few that are relevant to 
space flight operations will be described. 

The dial test. A standardized test, known as the 
dial test, was devised for detennining susceptibility 
to motion sickness in the slow rotation room 
(SRR). Stressful Coriolis accelerations are generated 
by simultaneous rotations of room and subject. Five 
dials are placed so that the subject is required to 
move his head and trunk to five different extreme 
positions to set the needle at a given number on 
each dial. This maximizes the rotation of the head 
out of the plane of the room's rotation. A 
"sequence" consists of setting the five dials in 
accordance with a tape recording, one every 6 
seconds, followed by a rest period of 6 seconds. 
The subject continues the task, usually with eyes 
open, until a definite end point is reached, usually 
MIii (severe malaise) (Table 3 [139]), or (usually) 
until 20 sequences or 100 settings have been made. 

• 
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Table 3. Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness [ 139) 

Category 

Pathognomonic 

16 points 

Major 

8 points 

Minor 

4 points 

Minimal 

2 points 

AQS* 

1 point 

Nausea syndrome Vomiting or retching Nausea+ 11, 111 Nausea I Epigastric discomfort Epigastric awareness 

Skin 

Cold sweating 

Increased salivation 

Drowsiness 

Pain 

Pallor 111 

Ill 

Ill 

111 

Pallor 11 Pallor I 

II 

II 

II 

Flushing/Subjective warmth 
;;, II 

Headache ;;, 11 

119 

Central nervous system 
Dizziness: Eyes closed ;;, 11 ; Eyes open 111 

Levels of Severity Identified by Total Points Scored 

Frank Sickness 

(S) 

;;,, 16 points 

Severe Malaise 

(M Ill) 

8-15 points 

Moderate Malaise A 

(M IIA) 

5-7 points 

Moderate Malaise B 

(M IIB) 

3-4 points 

Slight Malaise 

(MI) 

1-2 points 

* AQS = Additional qualifying symptoms. +1 11 = severe or marked, 11 = moderate, I= slight. 

If the original rate of rotation (e.g., 7.5 rpm) is too 
stressful, the velocity is reduced, or increased if the 
original rate is too weak. With few exceptions, 
normal persons reach the end point at a velocity 
between 5 and 20 rpm. Results are scored in terms 
of angular velocity, number of head motions, and 
level of symptom (e.g., 10 rpm, 78, MIII, 
respectively). 

The Coriolis sickness susceptibility index. This 
modification of the dial test uses a rotating Stille or 
litter chair. The subject makes standardized head 
motions, usually with eyes closed [140]. Angular 
velocities higher than those in the SRR are required 
to reach the same end point. The method of scoring 
is a noteworthy feature of this test, which yields a 
single value, the "index," enabling the investigator 
to make comparisons among subjects. 

Off vertical rotation test. In contrast with the 
dial and Coriolis sickness susceptibility tests, which 
mainly "disturb" the canalicular system, a rotating 
linear-acceleration vector mainly stresses the oto
lithic system. The off-vertical rotation (OVR) test is 
one of many and may be scored in "duration," 
which has some, but not all , advantages of an index. 

The device consists of a rotating chair (Fig. 27 
[141]) mounted on a platform that can be tilted by 
a handcrank or electric motor. The degree of tilt 

I 
I 

-
Figure 27. Off-Vertical Rotating Chair Device [141) . 

(Slide mechanisms for positioning subject not 
shown) 
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can be read from a large protractor. The subject's 
head is held rigidly against the headrest by adjust
able straps across his forehead; it is centered pre
cisely over the center of rotation, with smooth 
rotation ensured by proper counterbalancing. The 
rotation, programmed on a time axis, involves 
periods of acceleration at 0.5° /sec2 for 30 seconds, 
followed by periods of constant velocity for 6 
minutes, until either the end point is reached or 6 
minutes completed at 25 rpm, the cutoff point. In 
effect, this program represents unit increases of 2.5 
rpm every 6.5 minutes after the initial step. The 
end point can be expressed in terms of elapsed time 
at terminal velocity, as total elapsed time at 
terminal velocity, or as total elapsed time, which 
serves as an index of susceptibility to motion sick
ness. With each revolution of the OVR device, the 
subject continually changes position in regard to the 
gravitational upright. Thus, receptors in the paired 
maculae of utricle and saccule and nonvestibular pro
prioceptors are continually exposed to an unusual 
stimulus pattern. 

The findings from OVR tests in a group of 
healthy men, most of them attached to a naval air 
station, are shown in Figure 28 (141]. All but 12 

20 

15 

z 10 

5 

reached the predetermined end point (MIIA) at a 
IO-degree tilt; all but five of the remainder reached 
it only when the angle of tilt was increased to 20 
degrees. Thus, scores ranked 95 subjects in terms of 
their susceptibility to this unusual gravitoinertial 
force environment and demonstrated that five were 
not highly susceptible. 

Plots comparing susceptiblity to motion sickness 
are shown in Figures 29 and 30, with scores 
obtained in testing the function of the semicircular 
canals and otolith organs (141]. It appears that no 
significant relationships were found between func
tional test scores and susceptiblity to motion sick
ness. However, it should be noted that when 
extreme values are compared, susceptibility is higher 
in subjects with low rather than high oculogyral 
illusion threshold test values, and susceptibility is 
lower in subjects with high rather than low values 
for the counterrolling index. 
Simulation Tests 

An effort to predict susceptibility to vestibular 
side effects under the novel conditions in a rotating 
space base poses problems, some of which are 
pointed out in Figure 31. The slow rotation room 
(SRR), used to simulate the angular velocity, is 

I 30 SECOND PERIOD OF ACCELERATION 105"5«2J 

D 10•11LT 

L__j 20- TILT 

N• 100 

0 6.5 13.0 19.5 26.0 32.5 39.0 45.5 52.0 585 650 ',) ;l 
TIME (MINUTES) ~ ~ 

1-2 5-+-50-+- 75--1-100- +-12 5-t-150-t-17.5-1-20.0- +-225~50- ~J 
RPM 

FIGURE 28. Susceptibility Index in Subjects Exposed to Off-Vertical Rotation According to Programmed Stress Indicated on 
Abscissa [141]. 

1 

.. 

.. 



• 

• 

" 

SPACE MISSIONS INVOLVING GENERATION OF ARTIFICIAL GRAVITY 121 

.850 

.800 
N• 100 
r • -0.142 

.750 

~ 
0 .700 
Q) 

t .650 
z 

.600 Q 
(/) 
::::, .550 ...J 
:::! 

.500 
...J • <t .450 a:: 
>-
<.? .400 0 
...J 
::::, .350 u 
0 

.300 ... 

.250 . . . 
.200 

.150 . 
. 113 . . . • 
<Jl3 . .... .:.. ....a:..:. ....... •• . • • 

0 10 20 30 40 50 60>65 
OVR- TIME (MINUTES), MD.A ENDPOINT 

Figure 29. Comparison of Motion Sickness Susceptibility 
with Scores on Test of Semicircular Canal 
Function (the oculogyral illusion) [141]. 
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Figure 30. Comparison of Motion Sickness Susceptibility 
with Scores on Test of Otolith Function (coun-
terrolling index) [141]. 

completely enclosed and provides for prolonged ex
posures and sudden transitions between rotating and 
nonrotating states. The SRR fails to simulate space
base conditions in notable aspects of weightlessness, 
subgravity levels, man's orientation when upright in 
regard to the axis of rotation, and the Coriolis 
forces while walking and handling objects. Stated 
another way, the SRR provides a very useful simula
tion device for the important study of effects of 
cross-coupled angular accelerations (except for frac
tional subgravity levels and man's orientation in 
regard to the axis of rotation). 

The SRR is useful in demonstrating the qualita
tive aspects of the role of vestibular organs in 
postural equilibrium and in walking. However, non
vestibular factors play a greater role. The necessary 
use of small rotating devices poses limitations in 
terms of visual reference, length of exposure, and 
postural equilibrium. Parabolic flight offers the 
opportunity to study the effects of weightlessness 
and fractional subgravity levels for brief periods. 
Orbital flights, prior to the establishment of a space 
base, offer the opportunity to use small or even 
fairly large rotating devices for validating ground
based experimental findings, and prolonged ex
posure is advantageous for the study of adaptation 
effects. 

It is convenient, although somewhat arbitrary, to 
distinguish between experiments designed to elicit 
responses whose geneses are mainly in the vestibular 
system, and those designed to prevent such re
sponses by means of stepwise incremental increases 
in the stressful stimuli. 

The following studies, selected for operational 
relevance, were conducted for the most part either 
in the SRR or in parabolic flight. 

Slow rotation room (SRR). A series of experi
ments was carried out in the SRR to determine any 
differences in susceptibility to vestibular side 
effects, dependent upon man's orientation to the 
axis of rotation, and if adaptation effects acquired 
in one orientation mode transferred to the other. A 
unique feature of this experiment was that subjects 
could walk on the "wall" of the circular SRR, and 
carry out tasks while horizontal in relation to the 
Earth vertical [ 14 2] . This was made possible by 
using air-bearing supports and custom-fitted articu
lated fiber glass molds. 

Four subjects participated in two different 
experiments involving adaptation to the stimulus 
conditions, with the room rotating at 4 rpm for 
either 4 or 5 days. One .Pair of subjects, initially in 
the horizontal mode, was changed to vertical near 
the middle of the perrotation period when 
symptoms of motion sickness had disappeared; in 
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FIGURE 31. Problems in Predicting Vestibular Side Effects in Rotating Space Base. 

the second experiment, they began in the vertical 
mode. The order was reversed for the second pair. 
When in the horizontal mode, subjects spent 
approximately 6 hours a day in the airbearing 
device, 6 to IO minutes upright, and the remainder 
of the time recumbent on a bunk. 

The findings, summarized in Figure 32, indicate 
no significant difference in susceptibility in the two 
modes, and that transfer of adaptation is excellent. 
On cessation of rotation only mild symptoms of 
motion sickness were manifested. A byproduct of 
the experiment was a demonstration of important 
differences between motion sickness and postural 
disequilibrium during adaptation to the rotating 

environment and subsequent return to the sta
tionary. In the start-horizontal mode, adaptation 
ensuring freedom from symptoms of motion sick
ness on change to the vertical mode did not prevent 
ataxia. In the start-vertical mode, adaptation re
sulted in a great decrease in ataxia; this adaptation 
perseverated throughout the finish-horizontal mode 
and as long as 36 hours afterward. This implied that 
dynamic processes underlying postural homeostasis 
involved muscular activities largely rendered static 
when subjects were in the horizontal mode. 

In the light of this experiment, earlier studies on 
prolonged exposures in the SRR were reviewed, 
particularly manifestations of motion sickness on 

.. 
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cessation of rotation. In this area, an experiment 
where four subjects were exposed at 10 rpm over a 
period of 12 days was notable [143]. Despite the 
severe symptoms experienced, especially in the first 
half of the perrotation period, manifestations of 
motion sickness on cessation of rotation were trivial 
or absent. 

Adaptive capacity tests, used to measure indi
vidual differences in the rate of acquisition and 
decay of adaptation in a rotating environment, have 
recently been investigated. Qualifying as simulation 
tests, they measure at once susceptibility to reflex 
vestibular disturbances and motion sickness and 
ability to adapt and retain adaptation effects. 
Repeated exposures are required to measure reten
tion of adaptation effects, and the best schedule is 
yet to be determined. These tests have various 
options [144-146], but all rely on exposure to 
stepwise increases in stressful accelerations. 

The findings from one of these tests are sum
marized with the aid of Table 4 [145]. Ten young 
subjects executed controlled head (and body) 
motions at each of ten I-rpm increases in velocity 
of the slow rotation room. Eight discrete head 

motions at 2-second intervals comprised a sequence, 
and 4 seconds elapsed between sequences. At the 
end of each head motion the subject responded 
with a yes or no; yes indicated that he experienced 
one or more reflex vestibular disturbances or 
symptoms of motion sickness. The adaptation crite
rion, a negative response during three sequences, 
determined the point at which the angular velocity 
of the SRR was increased by I rpm. The number of 
head movement sequences required by subjects at 
different step increases is shown in Table 4. There 
were great individual differences in performance: 
four of the IO subjects experienced motion sickness 
and dropped out; one at 5 rpm, two at 6 rpm, and 
one at IO rpm. One subject required only nine 
sequences (72 head motions) to reach IO rpm, 
which were made at velocities below 3 rpm. At the 
other extreme, one subject required 390 sequences 
(3120 head motions) to achieve the adaptation 
criterion at IO rpm. 

This type of procedure stands at some point 
between brief susceptibility tests and incremental 
adaptation tests designed to prevent reflex vestibular 
disturbances and motion sickness. Tests of adaptive 
capacity are, however, the best available for re-
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Table 4. Number of Movement Sequences Prior to Achieving Adaptation Criterion at Each rpm*[l45] 

Subject 1 2 3 4 5 6 7 8 9 10 rpm 

RE 0 1 2 9 10 20 33 64 94 157 

TA 0 2 3 2 3 9 10 5 8 8 

HA 1 2 4 4 7 11 18 34 48 22 

JE 5 4 0 0 0 0 0 0 0 0 

HU 0 1 2 1 1 2 4 5 6 6 

DI 0 0 0 2 2 2 2 3 3 4 

HE 0 0 0 0 0 0 3 15 31 T(45) 

JA 0 0 1 12 6 T(23) 

SY 8 7 1 1 1 T(l0) 

WE 23 44 33 22 T(225) 

*This value represents the total number of movement sequences executed at each rpm less the three movement sequences, 
eliciting negative sensation, which constituted the adaptation criterion. 

**T indicates that rotation was terminated without achieving the adaptation criterion. The figures in parentheses show the number 
of sequences completed prior to termination. 

vealing individual differences in ability to cope with 
operational stimulus conditions. 

Parabolic flight. Studies on susceptibility to 
motion sickness in the weightless phase of parabolic 
flight have been mainly of two types [147]. In one, 
subjects were restrained in their seats and required 
to make standardized head motions during the 
weightless phase only. The findings, summarized in 
Figure 33, demonstrate that of the subjects tested 
in this manner, six were asymptomatic, five 
experienced symptoms only when making head 
motions, and one showed increased susceptibility 
when making head motions as compared to the 
head restraint (control) condition. These findings 
agree with those of Soviet investigators utilizing 
parabolic flights [148, 149] and with the findings 
on astronauts [111] and cosmonauts [8] who 
experienced motion sickness in orbital flight. 

The second kind of experiment used a rotating 
chair device. Subjects were required to make stan
dardized head motions similar to those used in the 
dial test, but with eyes blindfolded. Each subject 
served as his own control, and comparisons were 
made between susceptibility under terrestrial condi
tions and that during parabolic flight, using similar 
periods of rotation and nonrotation. Findings sum
marized in Figure 34 [147] indicate a significant 

increase in susceptibility aloft in some subjects and 
a decrease in others. When subjects were ranked 
according to susceptibility under terrestrial condi
tions, the higher the susceptiblity, the greater the 
likelihood of an increase aloft (with some excep
tions to this generality). 
Prevention of Vestibular Side Effects 
Incremental Adaptation Tests 

Programming the acquisition of adaptation 
effects is to be recommended only in that it 'is the 
best means to an end. A number of factors and 
trade-offs are involved, although the basic operation 
is to establish new integrative patterns in the 
nervous system in response to changes in the stimu
lus conditions. One objective is to keep the nervous 
system busy coping with the largest possible change 
in stimuli, short of eliciting unwanted responses. In 
the absence of any response, there is no other guide 
as to the nervous system being fully tasked; that is, 
operating at high efficiency. In practice, however, 
responses are often delicate indicators, which, if not 
present spontaneously, may be evoked cautiously. 
The degree of provocation required serves as a 
monitor. It is important tliat only those experienced 
in these kinds of tests can task the nervous system 
to the limit without risk. The smaller the experi
ence, the greater the margin of safety required. 
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motions made at each step (each up-down counting 
as one motion), and the level of the subjects' 
symptoms. One subject, TA, who was quite suscep
tible, became very drowsy at 2 rpm, experienced 
epigastric discomfort at 5 rpm, and minimized or 
refrained from making head motions at the higher 
rpm. The two remarmng subjects had mild 
symptoms at terminal velocity, which became more 
severe on cessation of rotation. TA resorted to the 
use of an antimotion sickness drug. Noteworthy 
features of the experiment were the inability of TA 

1' to keep up with the schedule; symptoms resulting 
from inadequate adaptation in the other two sub
jects; and increased symptoms in all subjects on 

, cessation of rotation. 
The findings in a similar test, (but with more 

head motions at the higher angular velocities) are 
shown in Figure 37 [1 51]. Symptoms of motion 
sickness were trivial, except those of subject RO, 
which were very mild at 8 rpm and 9 rpm and on 
cessation of rotation. Complaints were minimal on 
cessation of rotation except for ataxia, which was 
aggravated by head motions. These findings confirm 
inferences drawn from earlier studies, demonstrating 
that the time required to effect adaptation can be 
greatly shortened by controlling head motions and 
angular velocity, and with an adaptation schedule. 
The problems were greater at relatively high com
pared with relatively low velocities and except for 

E.B.M. 2.2-F 

one instance, there were no problems when the unit 
increase was 1 rpm. 

The findings stimulated intensive studies on: 
(1) the best way to execute a discrete head-body 
motion; (2) spacing between the head motions; 
(3) size of unit increases in velocity; ( 4) number of 
head motions as a function of 1-rpm increases in 
angular velocity; and (5) individual differences in 
rate of acquisition and decay of adaptation effects 
(mentioned above). 

The findings in another report [146] can be 
briefly summarized with the aid of Figure 38. The 
adaptation schedule was the same for all three sub
jects who participated and the procedure was essen
tially the same as that which has been described in 
connection with Table 4. On Day 1, while rotating 
counterclockwise, subjects made 40 head movement 
sequences at 2 rpm, 50 at 3 rpm, 70 at 4 rpm, 90 at 
5 rpm, and 110 at 6 rpm. While rotating, the sub
jects were then transferred to carrying out highly 
stressful, generalized activities in an attempt to 
evoke motion sickness. Their performance indicated 
that the head motions had produced substantial 
protection against reflex vestibular disturbances and 
motion sickness. On Day 2, the head movement 
sequences executed by the subjects were 130 at 
7 rpm, 150 at 8 rpm, 180 at 9 rpm, and 80 at 
10 rpm. Again the subjects were transferred to 
generalized activities with performance similar to 
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that on Day 1. On the morning of Day 3, after 120 
head movement sequences at 10 rpm, the room was 
brought to a stop, and the subjects executed the 
same head motions as during rotation. There were 
no symptoms of motion sickness, and all reflex 
effects quickly disappeared. 

The three subjects in this '3-day experiment 
executed an incremental adaptation test before and 
after participation in the experiment. The findings 
are in Figure 39. This test is also identical to the 
incremental adaptation test described in connection 

, with Table 4. Noteworthy are: (1) the small number 
of affirmative responses 6 hours after the 3-day 
experiment ended; (2) that weekly exposures led to 
increasingly better performance; and (3) that when 

e subjects were rotated in the opposite direction 
(clockwise), performance was far better than on the 
first preexperimental test, indicating transfer of 
adaptation effects acquired during counterclockwise 
rotation. Again, findings support the conclusion that 

rotating environments are not only feasible in the 
SRR, but also that adaptation effects may not 
decay rapidly and, with weekly practice, be retained 
and improved. 
Postural Equilibrium 

'$' sudden transfers between the rotatin~ and non-

Postural disequilibrium appears as an undesirable 
side effect in a rotating environment. However, the 
cross-over point is soon reached in a spacecraft 
when benefit is greater than handicap, since postural 
stability when lying, sitting, and even standing, 
requires only small levels of centripetal force. The 
difference between getting about in a weightless and 
rotating vehicle cannot be compared precisely, short 
of experience aloft, because of the shortcomings of 
simulation studies. This raises the extremely 
important question whether ataxia, used here in the 
broad sense of man's instability in carrying out 
tasks, might be the chief factor determining the 
level of artificial gravity to be generated. If comfort 
and efficiency are the guiding principles, ataxia may 
play a big role; if physical fitness is the goal, the 
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level of artificial gravity required will, in all 
probabili ty, more than suffice to ensure good 
postural stability. The qualifying word "probability" 
refers to the unlikely possibility that the radius of 
the spacecraft would be short and the angular 
velocity high. 

(Figs. 40 A, B [152]). With onset of rotation, both 
normal and L-D subjects experienced difficulty in 
walking, which is maximal initially, progressively 
decreasing over a period of days, followed by little 
further change. This may be shown by a test for 
postural disequilibrium designed to reveal small dif
ferences between normal and L-D subjects in a 
stationary environment. One significant difference is 
that the normal subject, on sudden movement of 

Nonvestibular factors are of greater importance 
than vestibular factors in connection with postural 
stability while standing, walking, or handling equip
ment in a rotating environment. These problems are 
considered in great detail by Stone and coworkers 
[28] and summarized in nomograms along with 
other spacecraft design criteria. 

the head, is more disturbed in his postural equilib
rium than the L-D subject. On cessation of rotation, 
both normal and L-D subjects manifest ataxia when ) 
walking. These sensations differ from those ex
perienced upon disembarking after a sea voyage, in 
that the subjects report that they feel unstable on a 

The ataxia manifested in the rotating room 
resembles that experienced aboard ship, and it is 
possible to demonstrate the contributing role of the 
vestibular organs by comparing the responses of 
normal and of labyrinthine defective (L-D) subjects 

stable platform, whereas after a voyage the platform 
seems to be unstable too. Again, the normal subject 
who quickly rotates his head experiences dis
equilibrium and perhaps dizziness but these are not 
experienced by the L-D subject. 
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Drugs 
The dial test has been used on the SRR also in 

the evaluation of antimotion sickness drugs (Fig. 41 
[153] ). Only those drugs with parasympatholytic or 
sympathomimetic action and certain antihistamines 
were notably effective under the stimulus condi
tions. Wood and Graybiel (1 54] demonstrated that 
a combination of promethazine 25 mg with d
amphetamine 10 mg had the same range of ef
fectiveness as scopolamine 0.6 mg plus ct-amphet
amine 10 mg. The substitution of ephedrine 50 mg 
for the amphetamine, while slightly less effective, 
was the best combination for freedom from side 
effects. The drowsiness (sophite) syndrome, nausea, 
and vomiting require different therapy. Coffee or its 
alkaloids have long been used to increase alertness, 
and the amphetamines should be reserved for 
"contingencies." Once the nausea syndrome is well
established, which should be a rarity, drugs taken 
by mouth may either remain in the stomach or be 

regurgitated. The combination of preventing head 
motions and injection of an antimotion sickness 
remedy should suffice. The most effective measure 
would be the use of a soporific or antimotion sick
ness drug in an amount to ensure sleep. 

PREVENTION OF VESTIBULAR SIDE EFFECTS 
AND GENERATION OF ARTIFICIAL GRAVITY 

The rotating portion of the space base is assumed 
to have a radius of about 80 feet and maximal 
angular velocity to be 4 rpm . The problem posed by 
postural instability will not be discussed since non
vestibular factors are of chief importance here. Only 
worst-case situations will be considered: initial tran
sition into weightlessness, subsequent (initial) transi
tion to rotation at 4 rpm with one-third fractional 
g-loading, and sudden transitions between rotating 
and nonrotating portions of the space base. 
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Transition into Weightlessness 
Information presently available makes it possible, 

by means of selection procedures, to not only dis
tinguish between astronauts and astroscientists who 
are or are not susceptible to vestibular side effects 
in weightlessness, but also to rank those who are 
according to degree of susceptibility. In other 
words, it should rarely (if ever) be a surprise that 
astronauts exhibit unexpected responses when 
making the initial transition into weightlessness, and 
seldom any surprise in the case of astroscientists. 

Transition into the Rotating Environment 
In the transition into the rotating environment, a 

novel experience, the principal unknown element is 
the effect of the fractional g-load. Until pertinent 
information is available (now under development), a 
conservative approach will help to avoid selecting 
those who are susceptible to motion sickness in 
weightlessness. With few exceptions (according to 
findings), persons relatively insusceptible to motion 
sickness in weightlessness are those relatively insus
ceptible in the SRR. Consequently, there should be 
no problem for persons with high adaptive capacity 
in the SRR and low susceptiblity to motion sickness 
in weightlessness in making a sudden transition to 4 
rpm in a space base, if prelaunch adaptation has 
been carried out. This does not obviate the 
necessity for small rotating devices to permit 
incremental adaptation if needed. 

Sudden Transitions between 
Rotation and Weightlessness 

Novel stimulus conditions are again being dealt 
with in sudden transitions between rotation and 
weightlessness. And again, it would be helpful to 
know the shape of the curves depicting suscepti-

C bility to vestibular side effects as a function of 
subgravity levels. It is possible, according to evi
dence, to rank persons by their acquisition and 
retention of adaptation to 4 rpm in the SRR. It is 
further indicated that persons fully adapted can 
make the transition between stationary and ro tating 
environments without motion sickness or reflex ves
tibular effects, except as they contribute to ataxia. 
It is not known to what extent adaptation effects 
acquired in the SRR would transfer to the space 
base condition. This again points to the necessity 
for providing incremental adaptation in case of 
need. Incremental adaptation is more difficult to 
program in weightlessness than in a rotating environ
ment, unless there are means for substituting passive 
for active motions. Frequent transitions (measured 
in days) are necessary to preserve adaptation to 
both rotating and nonrotating environments under 

terrestrial conditions, which is a reasonable expecta
tion under space base conditions. 

Susceptibility to vestibular side effects can be 
decreased considerably by the use of drugs, often 
with little impairment of proficiency. Individual as
sessment is a prerequisite to best accomplish this 
end. 
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Gravity in Preventing the 
Deconditioning Effects of Simulated 
Yleightlessness 
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HOCHE, J., and A. GRAYBIEL. The value of exercise at one-half 
Earth gravity in preventing the deco11ditioni11g effects of simu
lated weightlessness. Aerospace Med. 45(4) :386-392, 1974. 

Twelve male subjects participated lo two identical experimental 
series to determine the value of exercising 4 hr daily at one-half 
Earth gravity (simulated) to prevent loss of exercise capacity and 
ortbostatlc tolerance when exposed to 14 days of simulated 
weightlessness. In one series, four subjects exercised at half
gravity (HGE subjects) on treadmills mounted in a human cen
trifuge and four exercised on treadmills mounted on inclined 
planes; in the other series the subjects switched exercise devices. 
Four subjects served as no-exercise controls throughout both 
series. Orthostatic tolerance was measured in a lower body nega
tive pressure device and exercise capacity was measured with the 
aid of a treadmill. Additional measurements Included: plasma 
volume and red cell mass, urinary sodium and potassium, and 
peripheral reoio activity. The findings revealed no significant dif
ferences between the responses elicited during exercise In the 
centrifuge or on the inclined plane, hence, use of the latter de
vice will greatly increase cost effectiveness in any future experi
ments. A difference in LBNP tolerance between the two groups 
was not demonstrated when measurements were made before and 
at the end of the decooditioning period and after recovery. There 
was evidence, however, that the time course of 6:00 a.m. peri
pheral rerun activity differed in the two groups. Exercise capacity 
diminished in both groups, but there was a twofold greater loss 
in the control compared with the HGE group. Control subjects 
manifested greater losses of plasma volume but smaller losses 
of weight than HGE subjects. No significant differences between 
the two groups were found in the patterns of urinary electrolytes 
or the loss in red cell mass. The results are discussed not only 
in terms of the present experiment but also in terms of their sig
nificance for long-range plans involving the use of artificial 
gravity as a countermeasure on space missions. 

MANNED SPACE Exploration, in centering atten
tion on adjusting to life in a weightless spacecraft, 

has inevitably called attention to the environment from 
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which man came and must return. Man's adaptation on 
Earth is not a one-time .transaction but a continual inter
action with the gravitoinertial force environment. The 
difference between spacecraft and Earth is not merely 
1.0 G but the G loads engendered by the acceleration of 
gravity and ref.erred to as body weight when man is 
passive, or gravitoinertial force when active. There is 
general agreement that passive exposure to weightless
ness (2,3,6,8,13) or simulated weightlessness (5,6,9,10. 
11) quickly leads to deterioration at organizational levels, 
such as muscle and bone, and that eventually the noxious 
effects will reach cellular and subcellular levels. In order 
to maintain fitness in a weightless spacecraft, some of the 
means required to maintain fitness on Earth must be in
troduced and will be referred to as countermeasures. The 
real purpose of all countermeasures is not adaptation to 
weightlessness but prevention of adaptation; the object 
is preservation of adaptation to the Ea~th's environment. 

At this time, the only countermeasure ensuring safety 
in prolonged space missions (and return to E arth) is 
artificial gravity (9,12,14). Two methods have been pro
posed, namely, exposure to high G loads fo r short periods 
in an on-board centrifuge or continual rotation of part of 
a space station, presumably at fractional G loads (2, 14). 
However fractional-gravity is generated, its beneficial ef
fects are specific and permanent, i.e. , not subject to de
cay. The goal is to find out how much less than 1.0 G will 
suffice. The present experiment represented an initial step 
toward this long-range goal and had two immediate ob
jectives. One was to determine the effectiveness of exer
cise at one-half Earth gravity in preventing adaptation to 
si mulated weightlessness. The second object was to com
pare the effectiveness of a human centrifuge and a sloped 
wall in simulating this G load . . 

MATERIALS AND METHODS 

Subjects: Twelve male subjects, 20 to 22 years of age, 
were selected from a group of volunteer college students 
based on the findings revealed in a comprehensive medi
cal and psychological evaluation and personal interview. 
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Method: Exercise at 0.5 Gz was accomplished using 
specially designed treadmills mounted in a slow rotation 
room (SRR) or on an inclined plane. The apparatus in 
the SRR is shown in Fig. 1. Subjects :were comfortably 
supported in the Earth-horizontal plane by a helmet, 
22.5-cm (9-in) chest sling, a 27.5-cm (11-in) hip sling, 
and upper and lower leg supports, each on an adjustable 
vertical cable attached to the 3.6-m ( 12-ft) overhead. 
Each lay on his right side, along a radius, head inward, 
facing away from the direction of rotation. With the 
man's cen ter of mass at a radius 5.9 m (19.5 ift), rotation 
at 8.7 ± 0.1 rpm generated a force approximately 15 % 
less than 0.5 Gz at •head level and 15 % more at the feet. 

The apparatus using an inclined plane is diagrammed 
in Fig. 2. Subjects were supported by fitted slings on a 
stationary rack tilted 30° with feet lower than head. The 
resultant component of the Earth's gravitational vector 
produced ± 0.5 Gz force (sin 30° = 0.5) down the 
long axis of <their body (with no head-to-toe gradient) 
against which they exercised. Each 2 hr of exercise con
sisted of three 40-min periods of walking at 3.2, 4.8, and 
6.4 km/ hr (2, 3, and 4 mph) , respectively, for 20, 10, 
and 5 min with a 5-min rest between each period. These 
were intended to be submaximal exercise periods and 
were performed twice daily. Oxygen consumption ranged 
from I 5-20% of maximum at 3.2 km/ hr (2 mph) to 
25-30% of maximum at 6.4 km/ hr ( 4 mph). 

The procedure for measuring orthostatic tolerance us
ing a lower body negative pressure (LBNP) device has 
been described elsewhere in detail ( 4) . The lower half of 
th e subject's body was placed supine in the LBNP cham
ber and the airtight seal completed by stretching a latex 
lower-abdominal-sleeve about the lips of the mold. Af
ter baseline data were recorded for 5 min, <the pressure 
inside the chamber was lowered 70 mm Hg below at
mospheric pressure over a period of 30 s. Blood pressure 
at I-min intervals, electrocardiogram, and instantaneous 
heart rate w.ere monitored by a physician at the subject's 
side and recorded on a UV oscillograph along with respi
ration and vectorcardiogram. The duration of exposure ·to 
the point of "presyncopal grayout" was used as the 
measure of orthostatic tolerance. At endpoint, th.e pres
sure in the chamber was returned to atmospheric level 
within 2 s and the recording continued for 5 min during 
recovery. 

Exercise capacity was measured using a modification 
of the method of Balke ( I ) and a precordial electro
cardiogram was recorded con tinuously, beginning 2 min 
before the run while the subject was seated. The subj ect 
began running at the constant speed of 9. 14 km/ hr 
(500 ft / min ) with the treadmill level, a submaximal 
warm up workload. After 1 min the slope of the treadmill 
was increased to 4%, and each minute thereafter the 
slope was increased another 2 % while the speed re
mained constant. After n minutes of running, a subject 
had completed a 2 n % grade and in that nth minute his 
work expenditure in vertical ascent was 10 n W ft-lb 
(13.56 nY joules) where W is his weight in pounds. An 
·'exhaustion" endpoint was used with the subject signal
ing when he felt he could not possibly complete another 
minute at a 2 % higher incline. For 5 min during recovery 

Fig. J. Human centrifuge modified at extremities to permit 
two subjects (one shown) to exercise simultaneously on tread
mills when exposed to fractional G levels. 

Fig. 2. Subject exercising on inclined plane simulating +0.5 
Gz. 

heart rate was measured (half-minute intervals) with the 
subject sitting. The number of minutes a subject was able 
to run was used as the measu re of his exercise capacity. 

Weightlessness was simulated for periods of 2 weeks 
using head-out supine water immersion (8 hrs) and bed
rest for the remainder of the day. Each subject had his 
own 3,409 1 (750-gal) Fiberglas-lined water immersion 
tank which was filled daily with isotonic saline and main
tained at 35 ± 0.5°C (95 ± 0.5°F) by thermo
regulator. During the 14-day periods, all subjects were 
continually supine; ,they were transferred on stretchers 
and were required to use bedpans. Though allowed up on 
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one elbow to eat, they were never allowed to sit up or ex
perience full Earth gravity along their longitudinal axis. 
The subjects were provided a r.egular hospital-selection 
diet containing at least 5 g of NaCl with no caloric re
striction. Canned juices, water, and milk were offered 
frequently throughout the day. Although tobacco and 
alcohol wer.e prohibited, snacks brought during visiting 
hours were not restricted. This was intended to benefit 
morale as well as to satisfy any craving for salt, water, or 
f?od. Daily body weight ( a.m.) , intake and output, vital 
signs and nursing notes were recorded by hospital corps
men. 

Daily 24-hr urine collections extended through the first 
48 hr of recovery. In addition to routine urinalysis, the 
urine was examined for total volume, osmolality, sodium, 
potassium, and creatinine. In addition to routine CBC 
with differential count and sedimentation rate, serum 
sodium, potassium, chloride, creatinine, urea, total pro
tein, albumin, and osmolality were measured before 
bedrest, bi-weekly during the deconditioning, and on the 
third day of recovery. At 6:00 a. m. on the first day of 
immersion and on the first day of recovery, plasma vol
ume and red cell mass were determined from blood 
drawn before and 15 min after intravenous radioim
munoassay (RISA) injection. 

Peripheral renin activity (PRA) response to ortho
static challenge was determined by RISA of 3-hr aogio
tensin I activity by the method of Haber (7) before and 
within I min of LBNP during baseline testing and on 
Days + I and + 3 after deconditioning. PRA was also 
determined before and immediately after the morning 
2 hr of half-gravity exercise on the eighth and 14th 
day of the 2-week immersion periods. Peripheral renin 
activity was also measured at the same time in controls 
undergoing immersion for comparison. 

General Plan : The subjects were arbitrarily divided 
into two sets, and tests were conducted on each set during 
alternate months of a 4-month period. Each set com
prised two subjects who served as controls, two who ex
ercised on the inclined plane, and two who exercised in 
the SRR. During the 2-week deconditioning period, all 
subjects spent 4 hr twice a day in the water. The control 
subjects spent the remainder of the day at strict bedrest. 
The other four subjects exercised for 2 hr twice daily 
( against + 0.5 Gz) for a total of 2 G. hours/ day and 
spent the remainder of the time at bedrest. In the week 
before each deconditioning period, the subjects ( who 
had become fami liar with all procedures and devices) 
were tested on three separate days to determine their 
baseline orthostatic tolerance and exercise capacity. At 
least 4 hr intervened between LBNP and exercise tests. 

After .each of the 2 week deconditioning periods, the 
subjects w.ere retested for orthostatic tolerance and exer
cise capacity on days 1, 3, 7, and 10. On the first day 
after deconditioning, each subject was returned to bed
rest immediately following his LBNP testing and ate 
lunch at least 2 hr before his treadmill run in the after
noon. In an attempt to prevent acute orthostatic hypoten
sion from interfering with treadmill performance, each 
subject arose from bed I hr before his exercise test and 
was allowed to walk (escorted) about the building and 
outside. For baseline tests and tests on all other recovery 
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days, the subjects were not required to return to bed 
after the morning LBNP runs. 

In order to compare the fractiona l gravity simulational 
capability of these two methods-the rotating room and 
inclined plane-each group of six subjects returned to re
peat the entire sequence 5 weeks after the end of their 
first deconditioning period. During this second exposure 
the HGE pairs switched fractional gravity devices while 
the controls remained the same. This yielded data for 
eight controls and 16 HGE subjects. 

RESULTS 

Findings were analyzed by a split-plot factorial analy
sis of variance having one between-subjects' measure 
( control, centrifuge, inclined plane) and one within
subjects' measure (time). One HGE subject, during his 
second 2-week deconditioning period, withdrew from the 
program after IO days and, therefore, a least-squares 
solution was computed. The subjects' second dec~mdi
tioning period did not produce any results significantly 
different from the first, therefore, the data presented 
here combine both exposures. No significant differences 
were found between the effects of exercise in the centri
fuge and on the inclined plane so these findings are com
bined into one exercise group (n = 15) for comparison 
with the control group (n = 8). When differences across 
time were found, a Tukey's HSD test for pairwise com
parisons was used to identify which days varied signifi
cantly. The key parameters which showed significant 
changes across time are presented in Fig. 3 for compari
son. 

Orthostatic tolerance was markedly reduced in all 
subjects (Fig. 3 ) after 2 weeks of simulated weightless
ness F(4, 84) = 27.2761 (p< .01). When measured 
on abandoning bed rest the morning of Day + I, LBNP 
tolerance had fallen in control and HGE groups, respec
tively, to 40 and 46% of baseline values. By Day + 3. 
however, within 48 hours of returning to normal ambula
tory activity, LBNP tolerance had returned to control 
values. HGE subjects wer.e indistinguishable from con
trols in the loss and recovery of LBNP tolerance through
out the entire experiment. 

Exercise capacity, on the other hand, remained higher 
in HGE than in control subjects (Fig. 3), but all subjects 
showed a statistically significant loss, F( 4, 80) = 12. 730 
(p<0.01). The reduction was, on Day + 1, 1.3 min in 

. control subjects (baseline 7.4 min) and 0.6 min in HGE 
subjects (baseline 7.2 min ). On Day + 3, the loss of 
exercise capacity still persisted in the controls who re
mained 0.9 min below baseline value (p<0.01). HGE 
subjects, on the other hand, were back to within 0.3 min 
of their baseline performance by Day + 3, which is not a 
statistically significant difference. On Days + 7 and + I 0, 
exercise capacity had returned to baseline levels in con
trol subjects and did not differ significan tly from values 
in the HGE group. 

Both HGE and control subjects (Fig. 3) manifested a 
significant loss of plasma vol ume over the 2-week de
conditioning period, F(l, 21) = 45.235 (p < 0.01). 
This loss was significantly greater (p<0.01) in control 
subjects, 710 cc or 17.0% of their plasma volume, as 
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Fig. 3. A comparison of findings obtained in half-gravity 
exercise group (n = 15) and. control group (n - 8). Measure
ments of key parameters .are shown for periods before, during, 
and after deconditioning (head-out water immersion and bed 
rest). 

compared with 287 cc or 8.4% in HGE subjects. 
Both groups (Fig. 3) showed a significant, though 

smaller, loss of red cell mass than plasma volume, F(l, 
21) = 49.9676 (p<0.01). Control subjects lost an 
average of 275 cc (10.4%) while HGE subjects lost 190 
cc (7.4%). 

Both groups (Fig. 3) Jost a significant amount of body 
weight during the 2-weeks deconditioning, F( 4, 84) = 
13.5163 (p<0.01). The average weight Joss was 
1.05 kg (2.3 lbs) for control subjects and 1.41 kg 
(3.1 lbs) for HGE subjects. After returning to normal 
activity for 48 hrs, the control subjects were 0.45 kg 
( 1.0 lbs) below baseline weight, and HGE subjects were 
0.54 kg (1.2 lbs) below baseline (p<0.05). Both 
groups remained 0.45 kg ( 1.0 lb) below baseline weights 
on Days 7 and 10 of recovery. 

The pattern of daily weight change during the 14 days 
of deconditioning differed between control and HGE 
subjects, F(l3,273) 1.9818 (p<0.05). Control 
subjects lost 1.08 kg (2.4 lbs) in the first 2 days of de
conditioning after which they stabilized at approximately 
1 kg below baseline. HGE subjects Jost 1.18 kg (2.6 
lbs) in the first 2 days but continued to show a weight 
decrease throughout deconditioning. From the sixth to 
the 14th day an additional 0.73 kg (1.6 lbs) were lost 
(p<0.05). 

There were no significant differences in urinary sodi
um and potassium between control and HGE subjects 
(Fig. 3). During the 14 days of bedrest and water im
mersion, urinary sodium output was the greatest in the 
first 24 hrs, averaging 256 meq/ 24 hr; during the next 
4 days, the urinary sodium output was significantly lower 
(p < 0.01), totaling, respectively, 188, 182, 177 and 
190 meq/ 24 hr. Then, during the sixth, seventh and 
eighth day, the urinary sodium rose, respectively, to 
211, 210 and 216 meq/ 24 hrs. Urinary sodium values 
then settled to the lower levels of 204, 191, 202, 195, 
210 and 195 meq/24 hr during the last 6 days of de
conditioning. When the subjects resumed activity, urinary 
sodium fell to the lowest levels of all (p<0.01), name
ly, 122 and 94 meq/ 24 hr, respectively, in the first 2 
days . 

During the first 2 days of deconditioning, urinary po
tassium was, respectively, 81.8 and 85.2 meq/ 24 hr. It 
rose the next 5 days, respectively, to 92.2, 96.7, 100.9, 
101.9 and 101.4 meq/ 24 hr and then settled back 
towards the initial levels at 92.1, 91.3, 91.4, 85 .2, 83.2, 
88.8 and 87.4 meq/24 hr respectively, for the last 7 days 
of deconditioning. On return to normal activity, urinary 
potassium fell (p<0.01 ) to 65.5 and 51.9 meq/ 24 hr, 
respectively, for the first 2 days. 

The ratio of urinary sodium to potassium was highest 
during the first 24 hrs of obedrest and water immersion 
(Fig. 3) for both groups, F(l5, 315) = 10.031 
(p<0.01). This ratio of 3.33 contrasts . with the two 
periods when the ratios were lowest, namely, Days 4 and 
5 of deconditioning ( 1.85 and 1.90) and the first 2 days 
of recovery (1.88 and 1.82). The urinary sodium to po
tassium ratio was lower on these 4 days than on Day 13 
of deconditioning when this ratio reached 2.54 (p< 
0.05) . 

Peripheral renin activity (6:00 a.m.) increased from a 
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baseline of 237 ng% to 366 ng% by the 14th day of de
conditioning, and the next morning, before other testing, 
PRA was 361 ng% . After 2 days of normal activities, the 
6: 00 a.m. PRA (Fig. 3) had fallen back, respectively, to 
287 ng%, F(4, 84) = 6.035, (p<0.01). Control and 
HGE subjects showed a significant difference in ,their 
6:00 a.m. PRA only once, namely, at the beginning of 
the second week of deconditioning with values of 269 
ng% (control subjects) and 473 ng% (HGE subjects), 
F(4, 84) = 3.053 (p < 0.05). 

Peripheral renin activity measured immediately after 
HGE subjects exercised 2 hr in the morning showed no 
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statistically significant change from 6 : 00 a.m. values 
measuring 410 ng% and 458 ng%, respectively, after 
deconditioning periods of 1 and 2 weeks (Fig. 4). On 
the same occasion, PRA measured in control subjects 
(after 2 hr supine water immersion) were 7.24 ng% and 
290 ng % ; these values were not significantly different 
from 6 : 00 a.m. levels. Peripheral renin activity in
creased after exposure to LBNP, averaging 295 ng% be
fore and 541 ng% after, F (I, 20) = 55.80, (p<0.01). 
In contrast, there was no significant difference in the 
magnitude of the renin response to LBNP (Fig. 5) either 
between groups of subjects or between the conditioned 
and decondit ioned state F(2, 40) = 2.7639 (n. s.). 

DISCUSSION 

All of the relevant experimental data support the con
clusion that the effects of exercising at 0 .5 Gz in a ro
tating room and on an inclined plane are indistinguish
able. The greater cost-effectiveness of the inclined plane 
device compared with a rotating room is an important 
consideration in planning a program deal ing with the ef
fects of exposure to fractional gravity for whatever pur
pose. 

At the end of the deconditioning period the decline in 
exercise capacity was greater in the control than in the 
HGE group, which was expected ; what was not expected, 
however, were the identical declines in LBNP tolerance 
in the two groups. If LBNP tolerance had been measured 
at frequent intervals throughout the deconditioning peri
od, curves depicting the time course of changes in 
LBNP tolerance in the two groups might have revealed 
differences. 

At the beginning of the second week of decondition
ing, 6:00 a.m. PRA was elevated only in the HGE 
group. Although 2 hr of half-gravity exercise were not 
immediately associated with a rise in PRA (an unex
pected finding), the cumulative effect of such exercise 
twice daily, along with diuresis, fluid shifts, and blood 
pressure changes was, apparently, sufficient to elevate 
PRA, which was still at baseline levels in the control 
group. This elevation may have accounted for HGE 
subjects having a smaller loss of plasma volume than 
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control subjects. Whereas diurnal variation would be ex
pected to cause a decrease in PRA during the morning 
half-gravity exercise, a small increase in PRA (n. s.) was 
seen at this time after 2 weeks of deconditioning in the 
HGE subjects. One may speculate that this small in
crease in PRA signifies a lowered threshold sensitivity to 
orthostatic st ress, perhaps as a result of diminished 
vascular tone. 

It is worth noting that, although control subjects lacked 
the postural stimulus to increase PRA, perfusion at the 
juxtaglomerular level was ultimately affected by adapta
tion to simulated weightlessness. This is contrary to the 
notion that bedrest diuresis is no more than compensa
tion for the increased circulating blood volume caused by 
th e supine position. Although no significant differences 
were found in the percent increase in PRA response to 
LBNP among baseline, deconditioned, and recovery 
states, the subjects tolerated this orthostatic stress for less 
than 5 min when deconditioned and IO to 11 min during 
baseline conditions and after recovery. Peripheral renin 
activity stands out as the key measurement indicating 
early adaptation to weightlessness and, at least at the 
renal level. a sign of circulatory deconditioning. The 
elevation of 6 : 00 a.m. PRA after 2 weeks of decondi
tioning was consistent with decreased plasma volume and 
accords with experience in Apollo spaceflights (3). 

The loss of exercise capacity, which was still sub
s tantial on the third day of recovery in control subjects, 
emphasizes the deconditioning effect of simulated weight
lessness . T he small , though significant, 8.3 % loss in 
treadmill endurance found in HGE subjects on Day + I 
is probably due to the relatively low level of exercise de
manded of them. All subjects felt their previous normal 
dail y activities were far more vigorous than these periods 
of walking at only 3.2, 4.8, and 6.4 km/ hr (2, 3, and 
4 mph). Further experience with these treadmills indi
cates that most subjects are more comfortable jogging at 
8 and 9.6 km / hr (5 and 6 mph) than walking fas t at 
6.4 km/ hr ( 4 mph ) . It would be simple to increase the 
work of the exercise task to maintain better the baseline 
exercise tolerance of active male subjects. Fractional
gravity exercise apparently did reduce the plasma volume 
loss of HGE subjects (8.5 % ) in comparison to control 
subjects ( 1 7 .0%). Other investigators ( 6, I I) have 
shown that supine isometric and isotonic exercise retards 
the loss of plasma volume during 14-day bed-rest studies 
but does not help preserve Gz tolerance. 

The significant weight loss in both groups is greater 
than what may be accounted for by plasma volume loss 
alone. Other extracellular fl uid loss is most likely con
tributory; however, HGE subjects lost an average of 
0.36 kg (0.8 lb ) more than controls. This additional loss 
may be caloric in origin. During the 4 hr of daily exer
cise, HGE subjects not only expended significant 
amounts of energy but also were unabl e to have snacks 
or take fl uids, which ,were available to controls resting 
under nearly basal condi tions. Overall weight on D ay 
+ 3 of recovery remained 0.5 kg ( I. I lbs) below baseline 
(p<0.05), suggesting that a portion of the weight loss 
came from elsewhere than a fluid compartment where 
restoration is rapid. A 0.45 kg ( 1.0 lb) deficit, though 

not statistically significant, persisted in all groups through 
Days + 7 and + 10, and complaints of loose-fitting 
clothing were common among participants in the project. 

The fact that the urinary sodium and potassium values 
did not differ between groups indicates that the half
gravity exposure was not sufficient to influence the elec
trolyte balance of the subjects or to prevent the hypo
dynamic effects of simulated weightlessness. Urinary 
sodium loss, which was greatest the .first day of decondi
tioning, decreased and stabilized during the remaining 
13 days with a transient rise on D ays 6, 7, and 8 in both 
groups. The urinary potassium which was lowest on the 
first day of diuresis, rose gradually, peaked during D ays 
5, 6, and 7, and returned to intermediate levels for the 
remainder of the deconditioning. The fall in urinary 
sodium/potassium ratio from 3.3 on the first day of im
mersion to less than 1.9 on Days 4 and 5 was highly 
significant. This may reflect the fluid shift from the in
tracellular to the extracellular space to replace that lost 
during the initial diuresis with, consequently, more po
tassium available for urinary excretion. Though the 
major weight loss and diuresis was during the first 48 hr 
of deconditioning, additional changes in .electrolyte ex
cretion patterns occurred during the first 8 days and were 
even found as late as Day 13. This makes it very difficult 
to predict that further changes would not occur were the 
deconditioning period extended. On the other hand, a 
new steady-state equil ibrium in weightlessness might 
ultimately be reached with reduced total body water and 
respiratory and renal compensation for the relative in
tracellular acidosis and extracellular alkalosis produced 
by the shift of potassium and hydrogen ions. The fall in 
urinary sodium and potassium during the fi rst 48 hr of 
recovery demonstrates how quickly the kidneys can re
coup these losses and readapt to Earth gravity. 

The significant loss of red cell mass found in both 
groups over the 2-week time periods may require both 
decreased production and increased destruction for ex
planation. One may theorize that the hypodynamic state 
deprives the marrow of the normal stimulus provided by 
growth hormone. Likewise, alteration in the normal dis
tribution of blood flow may result in accelerated red cell 
"aging," perhaps through more frequent exposure to the 
spleen and resultant faster removal from the circulation. 

Lastly, it is necessary to comment briefly on the signi
ficance of our findings in terms of the generation of 
artificial gravity in space flight. In a space base, part of 
which rotates continually, the astronaut might spend 4 hr 
of the day in the weightless (nonrotating) part and the 
remaining 20 hr lying, sitting, standing, or walking, say, 
at 0.5 G. The beneficial effects of artificial gravity on the 
musculoskeletal system would be least during s leep, when 
the antigravity muscles would be relaxed and the direc
tion of force at right angles to the long axis of the body. 
It is difficult to equate the musculoskeletal effects when 
seated, standing, or walking (for the remaining 12 hr) 
with 4 hr of exercise (simulated in our experiment) but 
similarities outweigh differences. 

Our data raise the important question whether loss of 
orthostatic tolerance is a handicap at one-half Earth 
gravity. In any event, orthostatic tolerance is readily 
preserved using LBNP devices ( 4), hence, provides little 
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justification for generating artificial gravity. Our findings 
clearly indicate beneficial musculoskeletal effects at 0.5 
G, but the period of exposure was too short and the in
tensity of exercise was too low to establish the point when 
exercise capacity remains constant. Our findings suggest 
it would be worthwhile ,to repeat the experiment at the 
same G load but make provisions not only for much 
longer exposure but also better simulation of the as
tronauts' space base ·activities while seated, standing, or 
exercising. These "activities" should be designed to re
flect actual living and working conditions aloft and avoid 
exercises falling in the category of directed counter
measures. In other words, it is highly desirable ,to deter
mine separately the beneficial effects of ordinary living 
and ·working aloft and attempts to use increased amounts 
of exercise as a specific countermeasure. 
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The motion sickness susceptlblllty of 275 healthy male subjects 
was measured quantitatively by a standardized laboratory pro
cedure using a Stllle rotational chair. The results, In term11 of 
velocity of the chair and the number of active bead movements, 
were combined Into a single numerical score that represented 
the total stressor stimulus sustained lo reaching, lo tum, each of 
five specific criteria for diagnosing the severity of motion sick
ness; viz, frank sickness (FS), severe malaise (M Ill), moderate 
malaise (M IlA and M IIB), and mild malaise (M I). The stressor 
value (E factor) of a single bead movement at each test rpm was 
adjusted to yield an equivalent suscepdblllty score (Coriolis 
[Cross-coupled angular acceleration] Sickness Susceptibility In· 
dex, or CSSI) Independent of the endpoint selected. Close agree
ment among the CSSI scores obtained at each endpoint was 
found lo intercorrelatlons, test-retest reUablUty coefficients, and 
frequency distributions, which reflected the orderliness and sta
bility lo the appearance, ramification, and Intensification of the 
acute symptomatology evoked lo progressing from MI to FS. 
The endpoint M IIA appeared, however, to yield the best bal
ance between subject acceptability and test confidence and was 
used without exception to calibrate the motion sickness suscepti
bility of 250 additional subjects. 

V OMITING or retching and nausea represent severe 
expressions of motion sickness well recognized by 

the layman and most favored as .test endpoints by in
vestigators interested in the measurement of susceptibility 
to this malady. Recent efforts at Pensacola have been 
directed .toward finding less severe endpoints that are 
based upon milder diagnostic signs and symptoms, yet 

J offer equivalent validity and reliability using standard
ized procedures in the diagnosis of acute motion sick
ness. Initial studies revealed that severe malaise (M III), 
one of a four-category ,test system for qualitatively de
fining the severity of acute motion sickness, met these 
requirements while avoiding, with rare exceptions, frank 

This study was supported by Contract T-81633, Biomedical 
Research Office, NASA, Johnson Space Center, Houston, Tx, 
and Contract T-5904B, Office of Life Sciences, NASA, Washing
ton, DC. 

Opinions or conclusions contained in this report are those of 
the authors and do not necessarily reflect the views and endorse
ment of the Navy Department. 
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sickness with vom1tmg and its systemic complications; 
greater subject acceptability was a natural consequence 
(1, 7, 10, 11). Investigations of the appropriateness of 
using still milder sickness levels for this purpose became 
dependent upon a more precise determination of possible 
test endpoints than provided for in the original four-part 
categorization of motion sickness severity, viz, the "other 
symptoms" category was not identified and a rather 
broad category existed between M III and the first 
general and unspecified symptom or sign, ,termed slight 
malaise (M I), which had no practical value as a test 
endpoint. These limitations were overcome by a) iden
tifying and assigning point values to all qualifying symp
toms according to their type and severity, and b) 
quantitatively defining, in terms of the total points ac
crued among the manifested symptoms, the original 
severity criteria levels of frank sickness (FS), M III, 
and M I as well as the two newly established categories 
of moderate malaise, M IIA and M IIB, as outlined in 
Table I (2,7). 

The diagnostic value of the M III criterion was de
monstrated in a previous study that evaluated a stand
ardized laboratory procedure for grading susceptibility 
(7). This procedure was used in the present study to 
determine the diagnostic validity of less severe endpoints 
since a) it provided highly effective stressor conditions 
that typically evoked a gradual growth in the number 
and intensity of symptoms, and b) the results, in terms 
of rotational rate and number of head movements, could 
be reduced to_ a single numerical score that represented 
the total stressor stimulus sustained by the subject in 
reaching, in turn, each of the five specific endpoints 
(6,7). Thus, serial scores obtained on a subject re
flected meaningful quantitative changes in response to 
the stressful acceleration, and differences in scores 
among a group not only furnished an accurate rank 
order of susceptibility, but also quantitative differences 
among ,them. 

MATERIALS AND METHODS 

Subjects: Group 1 included 250 men who were 193 
aviators, aviation students, or flight crew personnel; 11 
nonaviator officers; 41 enlisted men; and 5 civilians. 
These men ranged in age from 16 to 43 years; 232 of 
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TABLE I. DIAGNOSTIC CATEGORIZATION OF DIFFERENT LEVELS OF SEVERITY OF 
ACUTE MOTION SICKNESS. 

Pathognomonic Major Minor Minimal AQS* 
Category 16 points 8 points 4 points 2 points 1 point 
Nausea 

syndrome 
Nausea III, t Nausea II Nausea I Epigastric discomfort Epigastric awareness 

Skin 
Cold sweating 
Increased salivation 
Drowsiness 
Pain 
Central nervous 

system 

retching or 
vomiting 

Pallor III 
III 
III 
III 

Pallor II 
II 
II 
II 

Pallor I 
I 
I 
I 

Levels of Severity Identified by Total Points Scored 

Flushing/Subjective 
warmth 2 II 

Persistent Headache 2 II 
Persistent Dizziness 

Eyes closed 2 II 
Eyes open III 

Frank Sickness 
(FS) 

Severe Malaise Moderate Malaise A Moderate Malaise B Slight Malaise 
(MI) (M III) (M IIA) (M IIB) 

> 16 points 8-15 points 5-7 points 3-4 points 

• AQS--Additional qualifying symptoms. t III-severe or marked, II-moderate, 

them fell within the range of 19 and 26 years. Thirty 
of these subjects were retested to determine test-retest 
reliability among the various malaise levels through 
M III. Twenty-five additional subjects, four aviators or 
aviation students and 21 enlisted men (Group 2), served 
in determining the relationship among the four specific 
malaise levels and frank motion sickness. Another sample 
of 250 men (Group 3) of similar background to Group 
1 ( 155 pilot type, 2 nonaviator officers, 67 enlisted men, 
and 26 civilians) were stressed only to the M IIA end
point. 

In addition to the standard flight-qualifying medical 
examination, all subjects were given specific ,tests for 
function of the otoliths ( 4,5) ( ocular counterrolling) 
and semicircular canals (3,8) (caloric threshold or 
oculogyral illusion threshold). Each subject manifested 
vestibular responses that were well within normal limits. 

.... -:~:.·, ' 
c .. , . 

i \\,\1) 
\ \ ~ ~/ 
• ....... .l-Y 

POSITION 2 

1-2 points 

I-slight. 

UPRIGHT POSITION 

POSITION J/5 
Procedure: The standardized procedure for genera

ting set patterns of cross-coupled angular acceleration, 
described fully in another report (7), was followed. 
Cross-coupled angular acceleration was introduced at 
one of several constant velocities (1.0, 2.5, 5.0, 7.5, 
10.0, 12.5, 15.0, 20.0, 25.0, and 30.0 rpm) by having 
the subject bend his neck. and upper body as necessary 
to effect approximately 90° positive and negative 
movements of the head from the upright position within 
the frontal and sagi.ttal planes according to the following 
pattern: front, upright, pause; right, upright, pause; back, 
upright, pause; left, upright, pause; front, upright, rest 
(Fig. 1 ) . Each of the movements to a new position or 
the return to upright was executed smoothly over a 1-s 
period. The pauses between movements were of ,the same 
(1-s) duration with the final pause (rest) lasting for 
20 s. The time schedule of these test procedures was 
achieved by having the subject follow ,tape-recorded in
structions. The head movement sequences continued until 
the accumulated symptom point values totalled at least 
8 for the severe malaise (M III) endpoint of Group I; 

Fig. 1. Diagram of standardiz.ed procedure for making each 
sequence of head movements to and from tilt position 1 through 
5 during chair rotation. · 
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TABLE II. ROTARY CHAIR TEST (M IIA ENDPOINT) VELOCITIES MOST OFIBN 
ASSOCIATED WITH AVERAGE EXPERIENCE AND SYMPTOM LEVELS CODED FROM 

MOTION EXPERIENCE QUESTIONNAIRE. 

SYMPTOMS S 
M IIA 0.0 0.5 1.0 . 1.5 2.0 

0.5 7.5* 7.5 7.5 7.5 7.5 
1.0 10.0 10.0 10.0 7.5 7.5 

>,: 1.5 10.0 10.0 10.0 10.0 7.5 

~ 2.0 12.5 12.5 10.0 10.0 7.5 
z 2.5 12.5 12.5 10.0 10.0 10.0 
~ 3.0 15.0 15.0 12.5 12.5 10.0 
~ 3.5 15.0 15.0 12.5 12.5 12.5 Ill 

~ 4.0 20.0 20.0 15.0 15.0 12.5 
4.5 25.0 25.0 20.0 20.0 15.0 
5.0 30.0 30.0 25.0 20.0 20.0 

• Rotary chair velocity (rpm) 

16 for -the frank sickness (FS) endpoint of Group 2; 
and 5 for the moderate malaise (M HA) endpoint of 
Group 3 subjects. 

Table II lists the best current estimate of the chair's 
rotational test rate (rpm) for ,the M IIA endpoint that 
we have determined empirically from the average level 
of experience (X) and intensity of symptoms (S) re
ported by subjects in the Motion Experience Question
naire (7). 

Comparable estimates for the M III endpoint have 
been reported previously (7). 

The subject was informed of the method of executing 
the sequence of head movements and the expected 
symptoms. He was then secured in the rotary (Stille) 
chair and blindfolded. After ,the subject had demon
strated the head movement sequence while stationary, 
the chair was accelerated 5° /s2 in the clockwise or 
counterclockwise direction, selected at random, until the 
desired constant velocity was reached; at no less than 
60 s thereafter, the first head movement sequence was 
begun. Immediately upon reaching either the M III 
(Group 1), FS (Group 2), or M IIA (Group 3) level, 
the head movements were terminated, the subject re
tured to his upright position, and the chair was de
celerated (5 ° /s2 ) to a stop. 

During this pro~edure, the test was not terminated 
until the selected terminal endpoint or a limit of 204 
(FS), 166 (M III) , or 150 (M IIA) head movements 
was reached. However, as the test progressed and as 
each of the defined levels of motion sickness severity 
(Table I) appeared in advance of the selected .terminal 
point, the cumulative number of head movements 
executed was duly registered. This method of identifying 
within one test session the successive appearance of up 
to five potential test endpoints (five motion sickness 
severity levels) avoided possible intertest subject dif
ferences. 

In the comparison of the several specific malaise and 
frank sickness levels, it was of great advantage -to employ 
the concept of an index score of susceptibility (7) 
( Coriolis or Cross-coupled angular acceleration Sickness 
Susceptibility Index, CSSI) . This method of grading 
motion sickness susceptibility removes the need for 
separately citing the test velocity of the rotational chair 
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2.5 3.0 3.5 4.0 4.5 5.0 
7.5 7.5 5.0 5.0 5.0 5.0 
7.5 7.5 5.0 5.0 5.0 5.0 
7.5 7.5 7.5 5.0 5.0 5.0 
7.5 7.5 7.5 5.0 5.0 5.0 

10.0 7.5 7.5 5.0 5.0 5.0 
10.0 7.5 7.5 7.5 5.0 5.0 
10.0 7.5 7.5 7.5 5.0 5.0 
12.5 10.0 10.0 7.5 5.0 5.0 
12.5 12.5 10.0 7.5 5.0 5.0 
15.0 12.5 10.0 7.5 5.0 5.0 

and the number of head movements executed and, in
stead, allows an individual's susceptibility to be graded 
by a single numerical score. In a previous study, the 
index was found to depend upon the average stressor 
effect, termed the E factor, of a single head movement 
that was found to be directly related to .the rotational 
velocity of the chair ( 6). An individual's susceptibility 
was, therefore, based upon this measure (CSSI) of the 
total stimulus sustained in reaching the selected endpoint 
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Fig. 2. E factor vs rpm for five levels of motion sickness 
severity used as basis for calculating individual Coriolis sickness 
susceptibility index (CSSI). 



TABLE Ill TABLE OF E FACTORS ASSOCIATED WITH 

MOTION SICKNESS GRADING-MILLER & GRA YBIEL 

(M IIA or M 111); i.e., susceptibility equals the product 
of the E factor specified for either the M IIA or M III 
endpoint at each of several test velocities times the 
number of standardized head movements (CSSI = 

SPECIFIC ROTATIONAL TEST VELOCITIES AND THE FIVE 

E X N) . The absolute E factor was arbitrarily adjusted 
to yield, independent of the selected endpoint, a CSSI 
score of 0 to 100 points. · 

As the first step of -this study to determine the relative 
~alue of the several malaise levels in grading susceptibil
ity, new sets of E factors associated with each of the 
test velocities were determined for the moderate malaise, 
M IIB, and slight malaise, M I, categories as well as 
that of frank sickness, PS. These values were at first 
grossly estimated from those representing the M III and 
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Velocity 
(rpm) 

30.0 
25.0 
20.0 
15.0 
12.5 
10.0 
7.5 
5.0 
2.5 
1.0 

.97 

.79 

LEVELS OF MOTION SICKNESS SEVERITY. 

Levels of Motion Sickness Severity 
MI 

1.31 
0.98 
0.69 
0.435 
0.325 
0.225 
0. 142 
0.083 
0.024 
0.005 

MIIB MIIA MIii FS 
0.82 0.67 0.60 0.49 
0.61 0.48 0.43 0.33 
0.43 0.33 0.28 0.21 
0.263 0.205 0.165 0.115 
0.195 0.150 0.118 0-078 
0.135 0.105 0.078 0.049 
0.084 0.064 0.046 0.027 
0.043 0.032 0.021 0.012 
0.014 0.010 0.006 0.0036 
0.003 0.002 0.001 0.0004 

Fig. 3. Scattergrams showing re
lationships among individual CSSI 
scores (Group 1 subjects) derived 
from each of tbe four malaise 
levels. 

10 ,o so 10 eo ,o 100 

IIIIA 
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M IIA endpoints ( 6), then adjusted empirically to yield 
the best fit ,to lines of regression in comparisons between 
all endpoints. The resultant E factors versus rpm data 
for the five endpoints are listed in Table III and 
portrayed as a family of straightline curves with slightly 
different slopes in Fig. 2. 

By using the appropriate E value, the CSSI was cal
culated on an individual basis for each of the four 
malaise (M I, M IIB, M IIA, M III) and frank motion 
sickness (FS) criteria, and this served as the common 
measurement for determining intercorrelations, test-retest 
reliability, and frequency distributions of these criteria. 

RESULTS 

Correlations Among Indices of Motion Sickness Sus
ceptibility: The relationships among the individual CSSI 
scores of the Group 1 subjects derived from each of the 
four malaise levels are indicated by the several scatter
gram plots and associated correlation coefficients pre
sented in Fig. 3. Relatively high correlations were re
vealed among the CSSI scores calculated from data ob
tained at each of the malafse levels. With few individual 
exceptions -the plotted scattergram positions of the 
various endpoint CSSI scores grouped about the regres
sion lines. An almost perfect relationship, for example, 
was found (p = 0.98 and 0.97) between the M III versus 
M IIA, and M IIA versus M IIB endpoint scores. The 
group correlations decreased and the scattering of data 
points increased somewhat with M I comparisons. Sur
prisingly though, even these data based upon the mildes,t 
form of malaise (I), viz, the manifestation of a single 
specific sign or symptom that qualifies for the assignment 
of a single point value, correlated relatively well 

Fig. 4. Cumulative frequency 
distributions of individual CSSI 
scores (Group 1 subjects) deter
mined for each of the four malaise 
levels. 
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TABLE IV. CORRELATIONS AMONG CSSI SCORES OF 25 
SUBJECTS (GROUP 2) DERIVED FROM DATA ACQUIRED 
AT EACH OF FOUR MALAISE ENDPOINTS AND FRANK 

FS 
MIil 
M IIA 
M JIB 
MI 

FS MIil 
.993 

SICKNESS. 

MIIA 
.980 
.917 

MIIB MI 
.936 ----_-93-4 

.870 .854 

.932 .917 
.966 

(p = 0. 78 and 0. 79) (Fig. 3) with those of severe (III) 
and of moderate malaise (IIA) . . 

Table IV lists similar correlations among the four 
malaise levels as well as frank motion sickness in the 
small group ( Group 2) . Of primary interest here is the 
finding that each of -the malaise-criteria CSSI values 
correlated very highly with those representing the frank 
sickness level. 

Reliability: Test-retest reliability results from 30 sub
jects are listed in Table V, where it is seen ,that high 
reliability coefficients were found among each of the 
malaise categories. 

Frequency Distributions: The cumulative frequency 
distribution of the individual CSSI scores of -the Group 1 
subjects as determined for each of the four malaise levels 
approached coincidence (Fig. 4). 

Symptomatology : The results from the Group 1 sub
jects expressed in terms of frequency of appearance of 
the various specific symptoms are summarized cate
gorically in Fig. 5 and as to specific levels within each 
category for Groups 1 and 2 in Table VI. 

N•250 
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TABLE V. TEST-RETEST RELIABILITY OF CSSI SCORES OF 
30 GROUP 1 SUBJECTS BASED UPON M I, M IIA, M IIB, AND 

M III ENDPOINTS. 

MIII 
M IIA 
M IIB 
MI 

90 

80 

70 

~ 60 
<) 

l!J 
m 50 ::> 

"' 
ffi 40 
<) 

a: .., 
a. 30 

20 

10 

0 

M III M IIA M IIB M I 
.87 

.90 
.86 

.91 

0 SCOREI I 
MAlAISEI I 

Fig. 5. Results from Group 1 subjects expressed in terms 
of frequency of appearance of various specific symptoms. 

The primary symptom characterizing M I was found 
to be epigastric awareness or discomfort, the mildest 
form of the nausea syndrome, that appeared in slightly 
over half of -the subjects. Much less frequently seen 
symptoms at this lowest severity level of motion sickness 
were mild (I) cold sweating, moderate (II) subjective 
feeling of warmth, and salivation I; pallor I, dizziness I, 
or drowsiness I was manifested in a very small per
centage of the subjeots. In progressing from M I to 
M IIB, the number rather than the intensity of .these 
particular symptoms experienced by each subject tended 
to increase. Epigastric awareness or discomfort was re
ported in nearly three-quarters of .the subjects, and the 
incidence of all other symptoms increased sharply. 
greater than three-fold in four categories. Continuation 
of the vestibular stressor stimulation until the M IIA 
level was reached resulted in fur-ther increases in the 
percentage of subjects experiencing particular symptoms 
but at a reduced rate relative ,to the change between 
M I and M IIB, with two notable exceptions. Pallor 
almost doubled in incidence in progressing from M IIB 
to M IIA, and doubled again from M IIA to M III. 
Dizziness II, III essentially paralleled the increases re
corded for pallor but at a much lower frequency of 
incidence; at M III, over one-fourth of the subjects re
ported this symptom. M III was characterized more by 
increases in ,the intensity rather than variety of individual 
symptoms, which in many cases became fixed at the 
M IIA level. Nausea I appeared for the first time and 

TABLE VI. FREQUENCY OF APPEARANCE OF SPECIFIC 
SYMPTOMS ASSOCIATED WITH THE FOUR MALAISE 

CRITERIA (GROUP 1 SUBJECTS) AND FRANK SICKNESS 
(GROUP 2 SUBJECTS). 

SYMPTOMS 

Flushing/subjective 
warmth ~ II 

Dizziness ~ II 
Headache ~ II 
Drowsiness I 
Drowsiness II 
Cold sweating I 
Cold sweating II 
Cold sweating III 
Pallor I 
Pallor II 
Pallor III 
Salivation I 
Salivation II 
Epigastric awareness/ 

Discomfort 
Nausea I 
Nausea II 

MI MIIB MIIA 

~6· 3&0* 5~2· 
28 &8 1~0 

28 ~6 116 
0.4 1.2 

14.4 32.0 43.6 
2.0 5.6 

4.8' 21.6 41.2 
0.8 4.0 

9.6 24.8 28.4 
1.6 2.4 

56.0 74.0 84.8 

• Percent subjects (Group 1, N - 250) . 
t Percent subjects (Group 2, N = 25). 

MIii 

72.4• 
25.6 

1.2 
14.4 
7.2 

43.2 
21.6 
1.6 

48.4 
36.0 

30.4 
6.8 

58.8 
31.6 

FS 

92.0t 
520 
8.0 

12.0 
12.0 
28.0 
36.0 
16.0 
16.0 
68.0 
16.0 
32.0 
24.0 

12.0 
36.0 
48.0 

replaced epigastric awareness or discomfort in more than 
one-fourth of the -test population, while over nine-tenths 
reported one of these forms of the nausea syndrome. 
Among the approximately two~thirds reporting cold 
sweating, ,the moderate level (II) increased almost four
fold, with a few manifesting .the severest level (III). 
Headache II began to be reported by a small number of 
the subjects and drowsiness II increased six-fold. In
creases in the subjective feeling of warmth and salivation 
were much less marked. 

The results of testing Group 2 (Table VI) revealed, 
in .terms of a much smaller number of subjects, those 
changes occurring in the symptomatic patterning when 
progressing from severe malaise (M III) ,to frank motion 
sickness (FS) . The primary symptom change was in
creased nausea to .the moderate level (II) in almost half 
the subjects; some form of the nausea syndrome was 
reported by 96% of the subjects. Nausea III was not 
recorded. Pallor and cold sweating at some level were 
observed in all and four-fifths of the subjects, respec
tively; 16% manifested the severest level (III) of each 
of these symptoms. Other symptoms of FS manifested 
with greater intensity and frequency than with M III 
were: headache (II, III); dizziness (II, Ill); increased 
salivation (I, II); and subjective warmth (II, III). On 
the other hand, there was no substantial increase in the 
frequency of drowsiness I or II; and neither drowsiness 
III nor salivation III was observed. 

Several subjects reached the frank sickness level, as de
fined by an accumulative total of symptom point values 
of 16 points (Table I), without the act of vomiting or 
retching. However, it would have been impossible to 
classify the condition of each of these subjects at this 
point in the test as other than being less than "~ick," 
and each was -actively suppressing a strong desire to 
vomit. 
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Fig. 6. Separate and combined frequency distributions of 

CSSI scores of Groups 1 and 3 subjects t,ased upon M IIA end
point. 

Frequency Distributions of the CSSI Scores of Groups 
1 and 3 Subjects Based Upon the M IIA Endpoint: 
The separate and combined frequency distributions of 
the CSSI scores of Groups 1 and 3 subjects are pre
sented in Fig. 6. The distributions of the CSSI scores of 
these two groups were similar, each revealing wide ranges 
of susceptibility and marked right skewness. 

DISCUSSION 

The results make evident that the specific diagnostic 
symptoms set forth in Table I appear, ramify, and in
tensify in an orderly fashion. The regularity of this 
process beginning with the initial (point-rated) symptom 
of malaise I, usually stomach awareness or discomfort, 
was marked by the high correlations found among the 
rest of the malaise levels and frank sickness. The high 
test-retest reliability of all endpoints indicates the tem
poral stability of each of these measurements in terms 
of the grading technique as well as the individualistic 
symptomatological patterning. These findings show the 
potential value of using cri-teria less severe than frank 
motion sickness (FS) and severe malaise (M III). The 
choice of endpoints short of FS was thus widened to one 
of four malaise criteria that could provide a reliable and 
valid basis for grading motion sickness susceptibility and 
might better fit the subject or test condition. It is our 
present opinion that, in all but exceptional circumstances, 
however, M IIA, may be the lowest malaise level that 
is of practical value for assessing susceptibility since i,t 
appears to represent the best balance between test confi
dence and subject acceptability. Specifically, the M IIA 
criterion: a) yields data ,that correlate extremely well 
with those obtained with M III and FS endpoints: b) 
clearly avoids the subjective feeling of being "sick"; c) 
allows a rapid recovery from mild symptoms; d) in al
most all cases is not objectionable to the subject in single 
or multiple measurements; and e) makes malingering 
difficult since i.t requires the manifestation of several 
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symptoms that must correlate. 
M I, in contrast, is described by a single subjective 

symptom and, therefore, may be highly dependent upon 
the subject's introspective ability, his honesty, or willing
ness to report symptoms. With a good observer in cer
tain test situations, the M I criterion can be highly useful 
since it provides -the first definite diagnosis of a provo
cative effeot. However, M I may not indicate a true 
measure of susceptibility, at least in terms of the CSSI 
scale, since it does not assure that ,the test is being 
conducted at a s-tressor level higher than the subject's 
ability to compensate; not infrequently, M I symptoms 
will be manifested during the initial part of the test 
0nly to disappear as the test is continued. Thus, the 
M I criterion may falsely indicate that the subject has 
low susceptibi1ity or even is unsusceptible. These 
"misses," or false measurements of susceptibility, are 
not present in the data of this study since each test was 
eventually carried beyond this malaise level. If the 
selected endpoint were not reached initially, .the test was 
considered invalid and these particular subjects were re
tested at a higher stressor level ( chair velocity) on a sub
sequent day for inclusion in this study. Manifestation of 
at least the M I criterion proved a considerable ad
vantage since it provided information that often served to 
determine ,the chair velocity increase necessary to reach 
the desired endpoint in accordance with the CSSI test 
method. 

The stressor conditions of the standardized .test pro
voked principally those symptoms denoted in Table I. 
Wi·thout exception, symptoms other than those recog
nized in this table were rarely observed or reported and, 
when present, were not useful in the diagnosis. Although, 
among this limited variety of categories, there were dis
tinct individual differences in symptom development and 
patterning, ,the order of release and intensification of 
symptoms was similar in the majority of subjects. These 
events seem dependent upon a summation process in
volving neural or humoral agents. The latter agent is 
suggested by the study of Wang and Chinn (9) who 
found that insertion of plastic barriers in the fourth 
ventricle of several dogs removed their susceptibility to 
nausea and vomiting even though their emetic thresholds 
to apomorphine were not raised. Regardless of the 
mediating agent, its effect can be expressed for illustra
tive purposes in terms of units of stressor stimulus pro
vided by each head movement in our .test procedure. 
Each standardized head movement executed during con
stant-velocity rotation effectively adds, in incremental 
fashion, a given quantity of provocative stress. The rate 
of release of autonomic effects, as reflected in the 
buildup in symptomatology, can be regulated simply and 
in a prediotable manner .through the choice of the chair's 
velocity, which determines the unit step-size of the 
stressor stimulus. In grading susceptibility using a phy
siologically equivalent endpoint for all subjects, the 
strength of the stimulus must fall between that necessary 
to override homeostatic adjustments preventing the mani
festatio_n of symptoms of motion sickness and that which 
avoids provoking explosive responses. The ,technique for 
accomplishing ,this has been described elsewhere (7). 
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SUMMARY 

The motion sickness susceptibility of 275 healthy male 
subjects was measured quantitatively by a standardized 
laboratory procedure using a Stille rotational chair. The 
results, in terms of velocity of the chair and the number 
of active head movements, were combined into a single 
numerical score that represented the total stressor stim
mulus sustained in reaching, in turn, each of five specific 
criteria for diagnosing ·the severity of motion sickness; 
viz, frank sickness (FS) , severe malaise (M III), 
moderate malaise (M IIA and M IIB), and mild 
malaise (M I). The stressor value (E factor) of a 
single head movement at each test rpm was adjusted 
to yield an equivalent susceptibility score (Coriolis 
[Cross-coupled angular acceleration] Sickness Sus
ceptibility Index, or CSSI) independent of .the endpoint 
selected. Close agreement among the CSSI scores ob
tained at each endpoint was found in intercorrelations, 
test-retest reliability coefficients, and frequency distribu
tions, which reflected the orderliness and stability in the 
appearance, ramification, and intensification of the acute 
symptomatology evoked in progressing from M I to FS. 
The endpoint M IIA appeared, however, .to yield the 
best balance between subject acceptability and test con
fidence and was used without exception to calibrate the 
motion sickness susceptibility of 250 additional subjects. 
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SuMMARY.-Adaptation of otolith organ activity was investigated by monitoring 
the ocular counterrolling response of four normal individuals and three persons 
with severe bilateral loss of labyrinthine function. Several ocular photographs 
were made every 30 minutes during a period of 8 hours in which the subject 
was held in a lateral tilt (60°) position. The recorded eye roll position varied 
to an expected small extent within each test session; this variation about a given 
mean roll position was similar among the test sessions for all subjects. The 
mean roll position, on the other hand, changed from session to session in sub
stantial amounts, but these changes appeared to be random with respect to time 
and among subjects. Furthermore, the intersessional variation in the mean tor
sional eye position of the normal subjects was equivalent to that of the labyrin
thine-defective subjects who displayed little or no counterrolling. These results 
provide evidence that the human counterrolling response is maintained by essen
tially nonadapting macular receptors. 

KEY woRos.- Human ocular counterrolling - Otolithic organ adaptation - Macular 
receptors. 

Maintenance of equilibrium without a 
visual framework while the head (body) is 
held in a given position must rely upon 
nonvisual stimulus-response mechanisms 
that provide continuous valid information 
on the relative d irection of gravity. It is 
well known that the cilio-otolith sys tem 
as a specialized gravireceptor mechanism 
acts as a major influence in man's non
visual perception of the upright, at least 
in those measurements made during a typi
cally brief course of an experiment, and 
a physiological basis for this system's pos
sible role in sustained static orientation has 
been indicated by the recordings of vesti-
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Biomedical Research Office. NASA, Johnson Space 
Center, Houston, Texas and by Contract T-5904B, 
Office of Life Sciences, NASA, Washington, D.C. 
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are those of the authors and do not necessarily 
reflect the views and endorsement of the Navy 
Department. 
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bular neural signals in animals. The fre
quency of these signals was found by sev
eral investigators to be significantly differ
ent in a tilted animal position compared 
to an upright reference level and showed 
little accommodation over periods up to 
several minutes ' duration (Adrian, 1943; 
Bjork and Kugelberg, 1953; Cramer, 1962; 
Fujita et al ., 1968; Lowenstein and Roberts, 
1950). Man's ability to orient himself to 
a gravitoinertial frame of reference with
out empirical visual cues over much longer 
periods of time was well demonstrated by 
the relative constancy of the oculogravic 
illusion as observed by four experienced 
subjects throughout a 4-hour period of ex
posure to constant lateral centripetal ac
celeration (Clark and Graybiel, 1962). The 
cilio-otolith system under these conditions 
probably acted as the primary sensory 
m echanism, but nonotolithic systems, in
cluding touch, pressure, and kinesthesis, 
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responding to the resultant acceleration vec
tor could have played a part in these ob
servations (Graybiel et al., 1968). In order 
to monitor more directly the effect of sus
tained gravitational stimulation upon man's 
otolithic activity with relative freedom from 
nonotolithic gravireceptor influences, the 
ocular counterrolling reflex was selected as 
the test parameter for the present study 
(Miller, 1966). This choice, however, did not 
necessarily rule out all extraneous factors 
such as spontaneous changes in extraocular 
muscle tonus which would affect eye roll 
position during the 8-hour recording period. 
For this reason, bilateral labyrinthine-defec
tive individuals who were apparently nor
mal in all other respects were included in 
this study as our control subjects. 

Procedure 

Subjects 

Four healthy Navy enlisted men, 19 or 20 
years of age, served as the normal subjects, 
and tests revealed normal hearing, as well as 
normal nonacoustic labyrinthine function; their 
counterrolling response was in the high nor
mal range (Counterrolling Index = 383 to 456) 
(McLeod and Meek, 1962; Miller, 1962; Miller, 
1966). The control group comprised three deaf 
persons with severe loss of vestibular func
tion as detailed in Table 1. 

Method 

The counterrolling test device, described 
elsewhere (Miller, 1966; Miller, 1970) and por
trayed in Figure 1, was used for positioning 
the subject with respect to gravity. The sub
ject was first stationed erect in the carrier 
portion of the device in a semistanding posi
tion, with his weight distributed between a 
saddle-type seat arrangement and an adjust-

able footrest platform. A locked headrest and 
biteboard assembly kept -the subject's head 
precisely, yet comfortably in this position. The 
platform was raised or lowered by a hydraulic 
mechanism, and the subject was shifted side
wise until the center of the pupil of his right 
eye, during proper fixation of a ring target 
supplied for this purpose, fell on the optic 
axis of the camera system. Coincidence was 
determined when the pupillary image was con
centric with specific circular markings on the 
camera's ground-glass viewing screen. In this 
position several straps and a tight-fitting vest 
constructed of velcro material secured the sub
ject's body to the device. Foam-rubber pad
ding was used in this particular study to 
cushion the right side and arm of the sub
ject when held in the tilted position. 

One or two drops of l per cent pilocarpine 
hydrochloride was instilled approximately 15 
minutes prior to the initial testing and sub
sequently as required to reduce the overall 
size and physiological oscillations of the pupil, 
which aided the subsequent analysis of eye 
position based upon natural iris landmarks. 
The analytical procedure has been described 
elsewhere (Miller, 1962). 

Thirty-six photographic recordings of the 
subject's right eye were made when he was 
upright; then the subject was slowly tilted 
60 degrees in the r ightward direotion. Sixty 
seconds after reaching this tilt position, the 
first of 18 photographs was taken; an identical 
number was recorded every 30 minutes dur
ing the 8-hour period of sus tained tilt. After 
8 hours the subject was slowly returned to 
the upright, and his iris photographed 36 more 
times over a period of approximately 5 min
utes. The average roll positions of his eye as 
recorded in the initial and terminal upright 
positions were averaged and used as the base
line (zero) position to which all other meas
urements were related. During the several m in
utes that separated the test sessions, the sub
ject remained fixed in his ti lted position, but 
his biteboard was removed for comfort. 

TABLE ! .-Clinical fin dings in three subjects with bilateral labyrinthine defects. 

Deafness 
Subject Age 

Etiology Age at onset 

HR 30 Meningitis 13 
LR 24 Meningitis 6 
MY 26 Meningitis 8 

Hearing 

R L 

Nil Nil 
> 110 dB >HO dB 
Nil Nil 

Caloric response• 

R L 

Neg!. Neg!. 
Neg!. Neg!. 
Neg!. Negl. 

Counter
rollin~ 
index• 

43 
51 
99 

*Negligible or no observable nystagmus when tympanum irrigated with ice water. 
**Calculated as one half the sum of the eye roll measured in minutes of arc at the 5()o r ightward and leftward 

tilt positions. 
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Fig. !.- Diagram showi~g subject positioned in the counterroll ing test device and tilted 
at 60 degrees from upright. Camera recor ding system shown on platform in front of· 

s ubject's face. 

Results 

Figures 2 and 3 summarize the chanoes 
• 0 

111 ocular counterrolling of the normal and 
labyrinthine-defective (L-D) subjects as a 
function of time within and amon o the 

. b 
various test sessions, respectively. Figure 2 
portrays the extremely small intrasessional 
torsional variations (average deviations) of 
the eyeball about the mean position meas
ured for each session; the variability found 
for subjects of both groups throughout the 
8-hour test period was relatively small, but 
somewhat greater deviations were recorded 
within the normal group. Figure 3 presents 
the mean ocular roll position of each sub
ject as r ecorded during each of the several 
test sessions. As expected from the preli
minary calibration tests, the L-D subjects 
clearly manifested less ocular counterrolling 
than the normals, but their individual data 
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tended to complement those of the normal 
subj ects in forming a continuum of re
sponse over a range from essentially none 
to grea ter than 10 degrees of arc. Within 
the 8-hour test period each normal and L-D 
subj ect manifested substantial intersession al 
changes (up to approximately± 2 degrees) in 
mean eye roll position, but this appeared 
to be independent of the duration of sus
tained tilt. A measure of the randomness 
of the intersessional changes was provided 
by averaging individual data according to 
subject group. The resultant average curves 
of the normal and L-D subjects are r ela
tively smooth and appear to follow essen
tially horizontal and therefore time-inde
penden t courses. The break in the curves 
of the normal group (Figure 3) marks the 
session in which the data of HO were lost 
for technical reasons. 
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Discussion 

Although constant error changes in the 
eye roll position were recorded for the nor
mal and labyrinthine-defective subjects, the 
amount was relatively small and inconsis
tent throughout the 8-hour test period. On 
the basis of these data and the previously 
found evidence that this response closely 
reflects otolith activity (Miller, 1970; Miller 
and Graybiel, 1971; Miller et al., 1966), it 
would appear that the macular source of 
tonic innervation to the extraocular mus
cles was effectively undiminished by time. 
These results can be explained either by 
the exis ten ce of nonadapting macular re
ceptors in man or by some artifact in the 
test procedure. In the present experiment, 

Fig. 3.-Average ocular counterroll ing values of the 
normal and labyrinthine-defec tive subjects plotled 
individually and as groups as a function of time 
held in the 60-degree body tilt position. Each of 
the individual data points represents an average 

of eighteen eye roll recordings. 
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for example, the subject's head was stabi
lized by the simplest and most practical 
method available: a biteboard/headrest sys
tem. This restraint method assured a high 
degree of head rigidity (otolith organ sta
bilization), but it is conceivable that ex
tremely fine movements might have oc
curred, particularly when the biteboard 
was removed between test sessions, which 
could have served as an everchanging ac
celerative s timulus to the otolith organs. 
The extreme precision in the measuring 
techniques, on the other hand, precluded 
any significant error being introduced by 
this factor. 

The different sources of tonic innerva
tion that influenced the measurements in 
this study can be differentiated to some 
extent by comparisons of the results of 
the normal and the L-D subjects who ma
nifested little or no counterrolling. The lat
ter subjects provided data on extraocular 
muscle tonus under the prolonged test con
ditions which was primarily dependent upon 
nonotolithic neurochemical processes. The 
intrasessional variations in eye roll position 
among these L-D subjects was extremely 
small, which tends to confirm the evidence 
that the bas ic tonic equilibrium of the ex
traocular muscles is more persistently main
tained than that of other skeletal muscles 
(Bjork and Kugelberg, 1953) and indicates 
that this activity can be independent of 
normal otolithic inputs. In fact, the slightly 
greater general intrasessional variability in 
the recordings of normal subjects would 
suggest that otolithic activity acts to de
crease ocular stability. 

Some support of this possibility is of
fered by the recordings of spontaneous ir
regular firing activity of the otolith organs 
in animals. It has been reported, for ex
ample, that the neuronal signal recorded 
from cells of the lateral vestibular nucleus 
in cats held in a specific tilt position was 
marked by a wide scatter of interspike 
interval values which they judged would 
require a probabilistic approach to identify
ing head position (Fujita et al., 1968). These 
spontaneous variations in otolith signals 
with a given body position may also offer 
partial explanation for the perceptual pheno
menon of rotary autokinesis (Miller and 
Graybiel, 1963). However, it is unknown 
whether the eyes fluctuate in their tor
sional position in simple accord with this 
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perceptual illusion; more likely, the illusion 
is based upon the complex neural activity 
resulting from an interplay of nonotolithic 
and otolithic gravireceptor inputs that have 
undergone central processing. Gravirecep
tors are implicated by the finding that pro
longed lifting of the g-load tends to reduce 
variability in the judgment of horizontality 
(Graybiel et al., 1967). 

The slower rates of change in the eye 
roll position that were recorded among ses
sions, separated by approximately 30 min
utes, would appear to be nonotolithic in 
origin since the L-D subjects, and in parti
cular subject HR with essentially complete 
functional loss of his otolith organs, re
vealed variations in mean ocular roll posi
tion that were indistinguishable from those 
of the normals. 

RTASSU TO 

L'adattamento funzionale dei recettori della 
membrana otolitica e stato valutato mediante 
lo studio de! nistagmo oculare di 4 individui 
normali e di 3 individui affetti da grave deficit 
bilaterale della funzione labirintica. Numerose 
fotografie della posizione degli occhi furono 
eseguite ogni 30 minuti in un periodo di 8 ore 
duranle ii quale ogni soggetto era mantenuto 
in posizione di inclinazione Jaterale de! capo 
di 60 °. La posizione degli occhi presen tava, in 
ciascun esame, una p iccola modificazione, at
torno ad un valore medio, facilmente prevedi
bile. Questa modificazione e stala riscontrata 
in tutti i soggetti. Invece la posizione degli occhi 
nello sguardo controlaterale variava notevol
mente negli esami successivi, con variazioni del 
tutto casuali rispetto al tempo ed ai soggetti 
esaminati. Inoltre nei vari esami fu riscontrato 
che la posizione oculare media di deviazione 
controlaterale nei soggetti normali era equiva
lente a quella dei soggetti con lesione labirin
tica che praticamente non erano in grado di 
eseguire una deviazione controlaterale del bulbo 
oculare. Questi risultati dimostrano che la de
viazione oculare controlaterale e legata al man
cato adattamento dei recettori maculari. 
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The present study was undertaken to improve previous testing 
procedures, Involving the use of a slow rotation room, for as
ses.,iog the efficacy of antimotion sickness drugs which had 
validity for groups of subjects but not for each individual in 
the group. Three major changes were introduced: first, the use 
of an Incremental Increase in the intensity of the stressful stimu
li of constant lotemity; second, a systematic distribution of 
placebos, rather than a random distribution, in using a modified 
Latin-square design; third, categorizing the responses as "in
consequential," "beneficial," and "detrimental"-the range of 
the ''placebo responses" was doubled to define the inconsequen
tial range and response above or below were, respectively, 
beneficial or detrimental. Only drugs known to have antimotion 
sickness effectiveness were tested and the cardinal findings can 
be briefly summarized: 1) The group responses were similar to 
the data previously reported; 2) Great individual differences in 
response to antimotion sickness drugs were revealed, implying 
that Individual asse~ments must be made for maximal benefits; 
3) The fixed-dose combination of promethazine hydrochloride 
and ephedrine sulfate (25 mg each) proved to be outstanding as 
this combination of homergic drugs clearly exhibited a supra
summation effect; and 4) A few tests were conducted using 

From the Naval Aerospace Medical Research Laboratory, 
Pensacola, Florid-a 325 I 2. This study was supported by the Bu
reau of Medicine & Surgery, Project MF51.524. 005-7015BX8X. 
Opinions or conclusions contained in this report are those of the 
authors and do not necessarily reflect the views or endorsement 
of the Navy Department. 

larger than usual doses and the results supported previous find
ings that, for a maximal beneficial effect in response to a single 
dose, individuals may vary both with regard to the choice of 
drug and the amount administered. 

T HE FACT that antimotion sickness drugs are effec
tive in any motion environment implies that their 

effectiveness may be evaluated in any motion environ
ment, but it must be kept in mind that persons may 
differ in their susceptibility to motion sickness under 
different stimulus conditions. We have exploited the 
advantages of a slow rotation room (SRR) in a labora
tory setting for · assessing antimotion sickness drugs ( 1). 
In a SRR, the stressor effect is trivial unless a person 
moves his head out of the plane of the room's rotation; 
hence, the experimenter can remain symptom-free while 
observing the subject, who is required to · execute head 
movements in a standardized manner. Susceptibility to 
motion sickness was measured as a function of length 
of exposure using a stimulus of constant intensity, i.e., 
standardized head movements while rotating at a prede
termined angular velocity. Subjects were given the drugs 
(usually seven) and placebos (three, regarded as drugs) 
according to a 10-unit Latin-square design using a 
double-blind technique. When the data from experiments 
on 60 subjects were summarized ( 2), ranking the drugs 
in terms of their antimotion sickness effectiveness tended 
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to place them in classes according to their pharmaco
logical activity, an observation that supported the validity 
of the procedure used. Moreover, there was a clear 
indication that beneficial effects were related to central 
parasympatholytic and symathomimetic actions. 

Shortcomings in the method were also revealed, attrib
utable in part to the necessity of having subjects serve 
as their own controls, in part to a low ceiling on the 
test (nonmotion sickness endpoint), and in part to the 
fact that the results, while valid for the group of subjects, 
varied in their validity for individuals within the group. 
This report describes three experiments directed at over
coming these handicaps and also provides new informa
tion on ,representative antimotion sickness drugs. 

EXPERIMENT I 

MATERIALS AND METHODS 

Subjects : For participation as paid volunteers, 14 men, 
21 to 28 years of age, were selected. All were college 
students and selected from among a larger number on 
the basis of a comprehensive medical evaluation and 
the aqsence of vestibul ar defects based on specific tests 
on canalicular, otolithic, and combined vestibular func
tions. Persons with exceptionally high or low susceptibil
ity to motion sickness were not accepted. 

The Stress Profile: Stressful types of accelerative 
stimuli were generated by the active rotation of the 
subject's head and body out of the plane of the room's 

rotation, which was always counterclockwise. The head 
movements were executed while the subject (tested in
dividually) was seated in a specially designed chair 
(Fig. 1) that had adjustable pads front, back, left, and 
right, acting as "stops" limiting head movements in the 
four quadrants to 90°. Head movements "over" and 
"back" in the four cardinal directions were randomized 
and a taped recording set the cadence at one movement 
every 2 s (3). Forty head movements were executed at 
1 r.p.m. and were repeated at 1 r.p.m. increments in 
angular velocity (standardized at 40 seconds) until either 
the ceiling on the test, 30 rpm, or the motion sickness 
endpoint ( defined below) was reached. If the motion 
sickness endpoint was reached prior to the execution of 
40 head movements, it presented a minor problem in 
scoring; sometimes it was convenient and more accurate 
to deal with the number of head movements rather 
than r.p.m., but usually the score was measured in 
0.1 r.p.m.'s (four head movements ) and added to the 
completed r.p.m. score. 

Scoring the Severity of Motion Sickness : The observer, 
in collaboration with the subject, estimated the levels of 
severity of the symptoms after every set of 40 head 
movements; the 40-s intervals during change in r.p.m. 
were for this purpose. The levels of severity of motion 
sickness were given numerical scores according to the 
diagnostic criteria in Table I ( 4). In E xperiment I, 
the motion sickness endpoint was either slight nausea or 
12 points, whichever came first. Subjects rarely gave the 

F ig. 1. Subject seated on a specially designed chair in a slow rotation room. The hand holds facilitate the execution of head 
movements and the adjustable stops ensure control over the arc of rotation. 
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TABLE I. DIAGNOSTIC CATEGORIZATION OF DIFFERENT LEVELS OF SEVERITY OF ACUTE MOTION SICKNESS. 

Category 

Nausea ·syndrome 

Skin 
Cold sweating 
Increased salivation 
Drowsiness 
Pain 
Central nervous 

system 

Pathognomonic 

16 Points 

Nausea I II, t retching 
or vomiting 

Major 

8 Points 

Nausea II 

Pallor 111 
111 
Ill 
III 

Minor 

4 Points 

Nausea l 

Pallor II 
II 
u 
II 

Minimal 

2 Points 

Epigastric 
discomfort 
Pallor I 

I 
I 
I 

AQS* 

1 Point 

Epigastric awareness 

Flushing/ Subjective warmth ~ II 

Headache (persistent) ~ II 
Dizziness (persistent) 

Eyes closed ~ II 
Eyes open III 

Levels of Severity Identified by Total Points Scored 

Moderate Malaise B 
(M 118) 

. Frank Sickness 
(FS) 

Severe Malaise 
(M III) 

8-15 points 

Moderate Malaise A 
(M IIA) 

Slight Malaise 
(M I) 

~ 16 points 5-7 points 3-4 points 1-2 points 

• AQS = Additional qualifying symptoms 
t III "" severe or marked, IJ "" moderate, I = slight 

signal to stop a test before a motion sickness endpoint 
was reached; this only occurred at high r.p.m. 

Drugs and Their Administration: The following drugs 
were chosen for evaluation, based mainly on previous 
findings (2,5) demonstrating their effecacy: 

I) 1-scopolamine hydrobromide (0.6 mg) 
2) dimenhydrinate (50 mg) 
3) d-amphetamine sulfate (10 mg) 
4) 1-scopolamine (0.3 mg) + d-amphetamine sul

fate (5 mg) 
5) 1-scopolamine (0.6 mg) + d-amphetamine sul

fate (10 mg) 
6) dimenhydrinate (50 mg) + ephedrine sulfate 

(SO mg) 
7) promethazine hydrochloride (25 mg) + ephedrine 

sulfate (50 mg) 
Ten of the 14 subjects were fitted into a l 0-unit Latin

square design that was typical, except that two extra 
placebos were added as tests No. l and No. 12. When 
these additions resulted in a series of three placebos, the 
opportunity was taken to substitute a drug for a placebo. 
The four "extra" subjects were treated as Subjects 1-4 
in a second 10-unit Latin-square design. 

Measuring the Effect of a Drug on Motion Sickness 
Susceptibility: Taking account of variations in placebo 
responses always posed a problem, and the following 
criteria were used in establishing a placebo baseline or 
" level": 1) when the variations were similar and small, 
i.e., ~2 r.p.m., a mean value level baseline was used ; 
2) when there was a rise or fall in placebo scores but 
the variation was relatively small ( ~3 r.p.m.) the 
placebo level was indicated by one or more best-fit 
sloped baselines. When the variations in placebo scores 
were greater than 3 r.p.m. , the placebo level was esti
mated using the placebo score immediately preceding a 
particular test score, keeping in mind evidence of adapta
tion effects. First, the extremes of the placebo range 
were estimated and the mean placebo level or baseline 
identified. Next, the range for " inconsequential" motion 

sickness response was defined as lying within limits repre
senting twice the values of the placebo range. To qualify 
as a "beneficial" effect, the difference between the place
bo baseline score and the motion sickness endpoint score 
had to equal or exceed twice the difference in r.p.m. be
tween the placebo baseline and the score indicating the 
upper limit of the inconsequential range. When the mo
tion sickness endpoint score equaled or exceeded twice 
the difference between the placebo baseline and the 
lower limit of the inconsequential range the therapeutic 
effect was termed "detrimental." 

Plan : There was an initial period of familiarization 
that included provocative tests in the SRR designed to 
determine susceptibility of motion sickness. Subjects re
ported at 0730 hours without breakfast and were given 
4 oz of orange juice and a small package of crackers. 
Prior to each test, the subject was interviewed with the 
aid of a "pre-experiment questionnaire" to ensure that 
he was fit for the test that ciay. At 60 min prior to 
testing, the capsule containing the drug or placebo was 
given along with a tablespoon of applesauce if desired. 
At least 48 h elapsed between tests : this period varied 
from 2-14 d and was usually 2-5 d. Much of the 
adaptation acqui red in a brief test decays in a period of 
2 d ; at worst, variations in the intervals between tests 
only adds to the difficulty in drawing a placebo level or 
baseline. 

RESULTS AND DISCUSSION 

One subject fa iled to complete the experiment, one 
required an operation unrelated to the study and was 
forced to withdraw, and another was dropped fo r lack 
of motivation. The findings on 11 subjects are presented 
in Table II. An estimate of the placebo level was im
possible in two tests. In three more instances, the 30-
r.p.m. cei ling on the test was reached before the motion 
sickness endpoint. In these and subsequent instances, 
the sign for "greater than,">, is used before the notation 
of "change" in r.p.m. and "percent change in r.p.m." 
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TABLE 11. INDIVIDUAL RESPONSFS TO SEVEN DIFFERENT ANTIMOTION SICKNESS DRUGS (EXPERIMENT I) . 

Drug I. Scopolamine (0.6 mg) Drug 2. Dimenhydrinate ( 50 mg) Drug 3. Amphetamine (10 mg) 
Drug 4. Scopolamine (0.3 mg) + 

Amphetamine (5 mg) 

Motion Sickness 
Endpoint 

Subject II 

= 
C C 

E "' E ::, ::l :J 
-c-o ·- 0 

Drug Placebo U E U 

r.p.m.1 r.p.m. r.p.m. 

20.0 

2 22.0 

3 17.0 

4 15.0 

5 15.0 

6 27.0 

7 22.0 

8 15.0 

9 13.0 

10 12.0 

11 11.0 

:i 

12.2 

13.0 

13.4 

16.0 

22.7 

13.0 

13.0 

11.0 

11.0 

11.0 

+9.8 

+4.0 

+ 1.6 

-1.0 

+4.3 

+9.0 

+2.0 

+2.0 

+ 1.0 
0 

g, 
C 

"" .c u 
E 
ci. 
...: 

% 

+807 

+30 

+12 

- 6 
+19 

+69 

+1 5 

+1 8 

+ 9 

0 

'il 
C . 

l:l E ., 
~ ~ ~ 
C ._ co 

~oU 

B 
B 

B 

B 
B 

I 

I 

Motion Sickness 
Endpoint = _______ c C 

II § ~ § 
o-= o Drug Placebo U e U 

r.p.m. r.p.m. r.p.m. 

19.0 

17.0 

10.0 

16.0 

16.0 

25.04 

23.0 

19.0 

17.0 

17.0 

8.0 

11.3 

11.0 

13.0 

15.6 

18.6 

23.0 

18.0 

11.5 

12.0 

15.8 

11.0 

+7.7 

+6.0 

-3.0 

+0.4 

-26 

+5.0 

+7.5 

+5.0 

+1.2 

- 3.0 

., 
00 
C 

"' .c u 
e 
ci. 
...: 

% 

+68 
+55 

-23 

+ 3 
-14 

+28 

+65 

+41 

" u 

~ e ., 
· - . 00 
!-;I "!- C 
C ._ co 

~'od 

B 

B 

D 

I 

B 

B 
B 

Motion Sickness 
Endpoint 

II ~ ~ ~ -c:-
Drug Placebo 8 ·a 8 
r.p.m. r.p.m. r.p.m. 

r, 

13.0 

14.0 

14.0 

11.4 

11.0 

14.9 

+ 1.6 

+ 3.0 

- 0.9 

., 
00 
C 

"' .c u 
e 
c:i. 
...: 

% 

+14 

+ 27 

- 6 

30.06a 19.5 >+10.5 > + 54 

24.0• 20.0 

18.0 16.2 + 1.8 +II 

13.0 13.0 0 0 

12.0 13.0 1.0 - 8 

+ 8 I 12.0 11.0 + 1.0 + 9 

-27 D 13.0 11.0 + 2.0 +18 

8 
C: . 
~ 8 ., 
:; ~ ~ 
~ .. ~ 
vi 'o u 

I 

B 

I 

B 

I 

I 

I 

B 

Motion Sickness 
Endpoint --

II ~ ~ ~ -=-Drug Placebo 8 ·a 8 
r.p.m. r.p.m. r.p.m. 

21.0 

16.0 

10.0 

11.0 

21.0 

21.0 

17.0 

14.0 

16.0 

18.0 

11.0 

s 

11.0 

120 

14.5 

13.2 

22.4 

15.0 

11.0 

10.0 

18.4 

11.0 

+5.0 

-20 

-3.5 

+7.8 
-1.4 

+2.0 

+3.0 

+6.0 
-0.4 

0 

n = 10 

X = 16.9 

B I D n = 10 B I D n=9 8 I D n = 10 

13.6 +3.3 +24 50% 50% 0% 16.2 13.8 +2.4 + 17 50% 30% 20% 15.4 13.4 > + 2.0 >+15 33%67% 0% 15.5 13.9 

Drug 5. Scopolamine (0.6 mg) + 
Amphetamine ( 10 mg) 

Drug 6. Dimenhydrinate (50 mg) + 
Ephedrine (50 mg) 

Drug 7. Promethazine (25 mg) + 
Ephedrine (50 mg) 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

11 

120 

13.0 

13.0 

11.3 + 0.7 + 6 

10.0 + 3.0 + 30 

13.0 0 0 

16.0 14.7 

30.06b 17.2 

26.0 22.8 

16.0 

18.0 

17.0 

21.0 

14.0 

13.0 

13.3 

13.4 

11.0 

+1.3 + 9 

>12.8 >+74 

+ 3.2 

+ 2.0 

+ 5.0 

+ 3.7 

+ 7.6 
2.0 

+14 

+14 

+39 

+28 

+57 
-18 

B 

I 

B 
B 

I 

B 

B 

B 

15.0 

12.0 

13.0 

15.0 

12.0 

27.0 

23.5 
13.0 

18.0 

30.0 

D 11.0 

B I Dn=ll 

X= 

9.0 

n = 11 

17.3 14.0 >+ 3.4 >+24 55% 36% 9% 17.2 

1 r.p.m. = revolutions per minute 

11.3 + 3.7 
13.0 - 1.0 

10.0 + 3.0 

15.3 - 0.3 

14.6 - 2.6 

22.5 + 4.5 

18.2 + 5.3 

12.0 + 1.0 

13.7 + 4.3 

20.0 + 10.0 

11.0 0 

14.7 + 2.5 

2 B = beneficial; I = inconsequential; D = detrimental. See text. 
3 No placebo baseline could be reasonably determined. 
• Subject did not reach endpoint because he complained of dizziness. 
5 Subject did not receive this drug. 

+33 

- 8 
+30 

- 2 

-18 

+20 

+31 

+ 8 

B 

B 

I 

B 
B 

17.0 11.3 

15.0 10.7 

20.0 13.0 

19.0 12.0 

11.0 12.0 

25.04 22.2 

21.0 16.5 

15.0 13.0 

+5.7 

+4.3 

+ 7.0 

+7.0 

-1.0 

+4.5 

+2.0 

+50 

+40 

+54 

+58 

- 8 

+27 

+15 

B 

B 

B 

B 

B 
B 

+31 B 19.0 14.0 +5.0 +36 B 

+so B 30.06c 21.0 >+9.0 >+43 B 

0 I 9.0 11.0 -2.0 -18 D 

B I D n = 10 B I D 

+17 55% 45% 0% 17.6 13.5 >+4.1 >+30 80% 10% 10% 

6 r.p.m. ceiling. Motion sickness scores: 6a = 10 points, 6b = 6 points, 6c =9 points 
7 _ = subject's best response. D = detrimental response 

B D 

3 1 0 

5 2 0 
4 1 2 

1 5 

3 4 0 

3 1 0 

4 3 0 

5 2 0 
5 2 0 
3 4 0 

3 3 

n = 71 

B I D 
52% 39% 9% 

+1.6 

1;l, 
; 
.c u 

~ 
% 

., 
u 
C: • 
~ 8 ., 
SA~ 
§, .. ] 
vi 'o u 

+45 B 

-17 D 

-25 D 

+59 B 

- 6 

+13 

+27 B 

+60 B 
2 

0 

B I D 

+ 12 40% 40% 20% 

~ 
i-i -
~ -~ 
Cl) 

n 
~ 
tI1 
Cl) 
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Note in Table II that the difference between the r.p.m.' s 
representing the drug and placebo scores is also ex
pressed as a percent and that the efficacy of the drug is 
categorized as beneficial (·B), inconsequential (I) or 
detrimental (D) . For each subject, the drug demonstra
ting the highest efficacy is underlined and the bold Ds 
are used to indicate detrimental responses. The striking 
feature in Table II is the great intra- and interindividual 
differences in response to drugs generally regarded as 
effective in preventing motion sickness. Subject 11 mani
fested only one beneficial response (following the ad
ministration of 10 mg amphetamine), and he accounted 
for three of the six detrimental responses. Subject 4 
also manifested only one beneficial response (with 25 
mg promethazine and 50 mg ephedrine) and accounted 
for one detrimental response (with 0.3 mg scopolamine 
and 5 mg amphetamine). Subjects 2, 8, and 9 mani
fested five beneficial responses, the first two in response 
to administration of the same drugs. It is noteworthy 
that the single best therapeutic response elicited in the 
11 subjects involved all seven drugs. 

When the subjects are considered as a group, the 
number of beneficial responses ranged from 33 % (10 
mg amphetamine) to 80% (25 mg promethazine and 
50 mg ephedrine) and the average for all treatments 
was 52%. 

EXPERIMENT II 

In this experiment some procedural changes were in
troduced and half of the treatments involved pro
methazine and ephedrine. 

MATERIALS AND METHODS 

The procedure described in Experiment I was used 
with the following changes: 

Subjects: To serve as paid volunteer subjects, 11 male 
students, 2 1 to 24 years of age, were selected but two 
soon withdrew because our schedule did not fit theirs. 

Motion Sickness Endpoint: A score of 11 points, 
which must include at least 2 points (stomach discom
fort) in the nausea syndrome, was used. 

Drugs and Administration : T he following drugs were 
given : 

1) 1-scopolamine hydrobromide (0.6 mg) 
2) dimenhydrinate (50 mg) 
3) promethazine hydrochloride (25 mg) 
4) d-amphetamine ( 10 mg) 
5) ephedrine sulfate (50 mg) 
6) 1-scopolamine hydrobromide (0.6 mg) + d

amphetamine sulfate ( 10 mg) 
7) dimenhydrinate ( 50 mg) + ephedrine sulfate 

(50 mg) 
8) promethazine hydrochloride (25 mg) + ephedrine 

sulfate (50 mg) 
Modified ( 4 uni t ) Latin-squares were designed with 

five placebos arbitrarily placed, one at the start and 
fin ish and one separating every pair of d rugs. 

Plan: The tests were conducted every other day in 
order to meet scheduling requirements. Subjects were 
requested to appear 2 h 15 min before the test and to 
refrain from drinking alcoholic beverages beginning the· 

afternoon prior to testing. The drug or placebo was 
always administered 2 h before testing to ensure ef
ficient time for absorption. Orange juice and crackers 
were available if desired when the drugs were adminis
tered in order to avoid complaints that a drug "upset" 
their stomach. 

RESULTS AND DISCUSSION 

One subject withdrew from the experiment after ex
periencing a "dizzy spell" during the fourth test at 24 
r.p.m. 

Table III shows that, on six of the drug assays, the 
30 r.p.m. ceiling on the test was reached before elicita
tion of the motion sickness endpoints. This problem was 
handled in the manner described in Experiment I. Three 
aborts resulted from unexplained loss of power in the 
SRR; placebos had been administered in all of these 
instances and a satisfactory estimate of the placebo level 
could be made except in Subject 13. 

The individual variations in response to treatments 
were less striking than in Experiment I. Beneficial re
sponses ranged from 25 % in Subject 19, who also ac
counted for the only detrimental response, to 100% in 
Subject 15 ; the average for all subjects was 65 % . 

For the eight subjects who completed the experiment, 
the beneficial responses ranged from 37% for 10 mg 
amphetamine to 87% for the combination of 25 mg 
promethazine and 50 mg ephedrine. Neither 10 mg 
amphetamine nor 50 mg ephedrine preparations, but all 
of the remaining six drugs, accounted for the "highest 
efficacy" ratings. 

EXPERIMENT III 

In this experimeht, an effort was made 1 ) to reduce 
the number of tests in which the motion sickness end
point was not reached by increasing the intensity of the 
stressor, 2) to improve the measurement of the placebo 
baselines by increasing the number of placebos, and 3 ) 
to test the efficacy of the drug combination prometha
zine-ephedrine when the amount of ephedrine was 
halved. 

MATERIALS AND METHODS 

Sub jects : Paid volunteer subjects were 12 male stu
dents, 19 to 28 years of age. They comprised part of a 
pool of 20 subjects who were available for a 6-week ex
periment. The medical assessment used was the same as 
that in Experiments I and 11. None was selected on the 
basis of susceptibil ity of motion sickness. All had partici
pated in experiments, however, involving the execution 
of head movements in the SRR. All agreed to refrain 
from the use of drugs, incl uding alcohol, during the ex
perimental period. 

The Stress Profile : The stress profile differed from 
those previously used in one important respect, namely, 
the cadence was set at 4s, i.e., each discrete head move
ment was executed in the usual manner followed by a 
delay together totaling 4 s. This cadence was chosen 
after experimental probes indicated that the 4 s cadence 
was more stressful than 1-, 2-, or 3-s cadences (findings 
to be published elsewhere) . 

The Endpoints: The motion sickness endpoint was set 
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TABLE III. INDIVIDUAL RESPONSES TO EIGHT DIFFERENT ANTIMOTION SICKNESS DRUGS (EXPERIMENT II). 

Drug 1. Scopolamine (0.6 mg) Drug 2. Dimenhydrinate (50 mg) Drug 3. Promethazine (25 mg) Drug 4. Amphetamine (10 mg) 
-------------------------------

Motion Sickness 
Endpoint C C: 

g, 
C: 
0: 
.c u 

Subject II 
E vi E 
::, ::, ::, 

- C: - E 
ci 
,.: 

12 

13 
14 
15 

16 
17 
18 

19 

0 ·- 0 
Drug Placebo U E U 

r.p.m.l r.p.m. r.p.m. % 

· 13.0 

28.0 
30.03a 
24.0 

16.0 
9.0 

15.0 

8.0 
n = 8 

9.0 + 4.0 +445 

16.5 +11.5 +70 
22.6 >+ 7.4 >+33 
14.4 + 9.6 +67 

14.3 + 1.7 + 12 
10.0 - 1.0 -10 
I 1.8 + 3.2 +27 

8.0 0 0 
B 

Cl 

"' u 
C: . 

-~ ~ g, 
~ ~ c:: 
C: ... "' 

~06 
B 

B 
B 
B 

B 
1 
B 

D 

Motion Sickness 
Endpoint 

II 
§ V, e 
::, ::, ::, 

- C: -

Drug Placebo 8 °E 8 
r.p.m. r.p.m. r.p.m. 

g, 
C: 

"' .c u 
E 
ci 
,.: 

% 

11.0 9.0 + 2.0 + 22 

24.0 4 

30.0:Jb 22.0 > + 8.0 > + 36 
28.0 no +15.o +116 

15.0 14.3 + 0.7 + 5 
13.0 9.0 + 4.0 + 44 
17.0 13.0 + 4.0 + 31 

6.0 8.0 - 2.0 - 25 
n = 7 B 

., 
u 
C • 

e E " 
·- • Cl) 
:"":: ~ C 
C '- o: 

~'o6 

B 

B 
B 

· 1 

B 
B 

D 
I D 

Motion Sickness 
Endpoint - ::: 

II 
IL, e 
::, ::, ::, 

- C -0 ·- 0 Drug Placebo U E U 

r.p.m. r.p.m. r.p.m. 

10.0 9.0 

24.0 20.0 
22.0 19.0 
24.0 15.0 

15.0 14.3 
13.0 11.0 
17.0 13.0 

10.0 8.0 
n=8 

+1.0 

+4.0 
+3.0 
+9.0 

+0.7 
+2.0 
+4.0 

+2.0 

g, 
C 

"' .c u 
E 
~ 
% 

+11 

+ 20 
+ 16 
+60 

+ 5 
+18 
+31 

+25 
8 

8 
C • e E ., 
·- • Oil 
~ ~ C 
&> ... ~ 
vi 'o u 

8 
I 
8 

I 
B 
8 

D 

Motion Sickness 
Endpoint ::: 

C C: 

II S ~ § 
Drug Placebo 8 '§ 8 
r.p.m. r.p.m. r.p.m. 

9.0 

18.0 
23.0 
21.0 

17.0 
12.0 
13.0 

8.0 
n = 8 

9.0 

18.0 
17.0 
16.0 

14.3 
10.0 
11.6 

8.0 

0 

0 
+ ~o 
+ 5~ 

+ 2~ 
+ 2.0 
+ 1.4 

0 

~ 
C 

"' .c: u 
E 
1 
% 

0 

0 
+35 
+31 

+19 
+20 
+12 

0 
8 

8 
§ . 
u E " 
~ ~ ~ 
C: ... "' 

~'o6 

I 
8 
B 
8 
I 
I 

I 
I D 

x = 17.9 13.3 >+ 4.6 >+35 75% 25% 0% 17.1 12.6 >+ 4.5 >+ 36 72% 14% 14% 16.9 13.7 +3.2 +23 50% 50% 0% 15.1 13.0 + 2.1 +16 37% 63% 0% 

12 

13 

14 

·l 5 
16 

17 

18 
19 

Drug 5. Ephedrine (50 mg) 

10.0 9.0 + 1.0 + 11 

17.0 19.0 - 2.0 -10 

23.0 20.4 + 2.6 + 13 

21.0 16.4 + 4.6 + 28 
19.0 14.3 + 4.7 +33 

12.0 9.0 + 3.0 + 33 

15.0 12.5 + 2.5 +20 
8.0 8.0 0 0 

n = 8 

B 
8 

8 

8 
1 

B I D 

Drug 6. Scopolamine (0.6 mg) + 
Amphetamine ( 10 mg) 

13.0 9.0 + 4.0 + ~ B 
30.03c 16.0 > + 14.0 > + ~ B 
30.03d 24.2 

24.0 13.5 
22.0 14.3 

15.0 8.0 

11.0 11.2 
7.0 8.0 

n = 8 

>+ 5.8 >+ 24 

+10.5 + 78 
+ 7.7 + 54 

+ 7.0 + 88 
0.2 
1.0 

2 
13 

B 

8 

B 
B 

B 

Drug 7. Dimenhydrinate (50 mg) + 
Ephedrine (50 mg) 

9.0 9.0 0 0 

24.0 20.0 

26.0 18.0 

23.0 16.0 
22.0 14.3 

15.0 9.4 

11.0 11.0 
12.0 8.0 

D ·n = 8 
,' 

+4.0 

+8.0 

+7.0 
+7.7 

+5.6 

0 
+4.0 

+20 

+44 

+ 44 
+ 54 

+60 
0 

+50 

8 

8 

B 
B 
B 

I 
B 

B I D 
X= 15.6 13.6 + 2.0 + 15 50% 50% 0% 19.0 13.0 >+ 6.0 >+ 46 75% 25% 0% 17.7 13.2 +4.5 + 34 75 % 25% 0% 

l r.p.m. = revolutions per minute 
2 B = beneficial; I = inconsequential; D = detrimental. See text. 
3 r.p.m. ceiling. Motion sickness scores: 3a = 6 points; 3b = 7 points; 3c = 11 points; 3d = 3 points; 3e = 6 points; 3f .,. 5 points 
4 Placebo test inconclusive due to device control problem. 
5 = subject's best response; D = detrimental response. 

Drug 8. Promethazine (25 mg) + 
Ephedrine (50 mg) 

11.0 

30.0Se 

30.03f 

21.0 
18.0 

15.0 

15.0 
9.0 

n=8 

18.6 

9.0 + 2.0 +22 

17.0 >+13.0 > + 76 

21.5 >+ 8.5 >+~ 
14.0 
14.3 

9.9 

12.0 
8.0 

+ 7.0 
+ 3.7 

+ 5.1 

+ 3.0 
+ 1.0 

+so 
+26 

+52 

+25 
+13 

B 
8 

B 

8 
8 

8 

8 
I 

B I D 

13.2 >+ 5.4 >+41 87% 13% 0% 

B I D 

4 4 0 
5 2 0 

6 2 0 

8 0 0 
6 2 0 

5 3 0 

S 3 0 
2 5 1 

n = 63 
8 I D 

65%33%2% 
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at 12 points or slight nausea, whichever came first. The 
r.p.m. ceiling on the test was reached after execution of 
40 head movements at 30 r.p.m. 

Drugs: The following drugs were used: 
1) 1-scopolamine hydrobromide (0.3 mg) 
2) 1-scopolamine hydrobromide (0.6 mg) 
3) ephedrine sulfate (25 mg) 
4) 1-scopolamine hydrobromide (0.3 mg) + d

amphetamine sulfate ( 5 mg) 
5) l-scopolamine hydrobromide (0.3 mg) + ephe

drine sulfate (25 mg) 
6) 1-scopolamine hydrobromide (0.6 mg) + d

amphetamine sulfate ( 5 mg) 
7) dimenhydrinate (50 mg) + ephedrine sulfate 

(25 mg) 
8) promethazine hydrochloride (25 mg) + ephedrine 

sulfate (25 mg) 
Plan: The 12 subjects were divided into Groups A, B, 

and C, and the drugs were administered in a modified 
5-unit Latin-square design, with a placebo intervening 
between each pair of drugs and with two placebos before 
the first and two after the last drug administered in 
each series. The design for Group C was the same as for 
Group A. The groups were staggered so that beginning 
with the fifth day one group was tested every third day. 

The subjects were assigned bunks in a ward adjacent 
to the SRR the evening before the test-day. The next 
morning, tests were conducted at 2-h intervals beginning 
at 0800 hours. Prior to administering the capsule 2 h 
before the test, the subject completed a "pre-experi
ment" questionnaire; 30 min before the test, the subj~ct 
was queried in order to learn if side effects were bemg 
experienced. The subject was interviewed immediately 
after the test, with the aid of a questionnaire, and again 
before departure; usually 2 h after the test. 

RESULTS AND DISCUSSION 

The findings in Table IV show at a glance the number 
of tests involving drugs that either were not carried out 
or in which problems were encountered: 1) Subject 25 
was injured falling off a horse, 2) Subject 29 was ill, 
and 3) two envelopes containing the correct drug were 
switched in one series. This experimenter-error, involving 
the combination 0.6 mg scopolamine and 5 mg amphet
amine, and the single drug 25 mg ephedrine, resulted in 
Subjects 21 and 23 receiving two doses of one drug and 
none of the other. 

But by far the most important difficulty involved 
Subjects 21 and 22 who quickly reached the ceiling on 
the test. In the first two baseline tests when placebos 
were given, the mean motion sickness endpoints we_re, 
respectively, 11 and 14 r.p.m. However, in the thtrd 
and fourth tests, respectively, these subjects reached .the 
test ceiling without scoring any motion sickness p~1~ts 
implying that either they adapted with unusual rap1d1ty 
to the motion environment or the drugs were highly 
efficacious. In the third test, when 0.3 mg scopolamine 
+· 5 mg amphetamine was administered to Subject 21, 
the ceiling on the test was reached. Subject 22 reac~ed 
the ceiling on the fourth test when 0.3 mg scopolamme 
was given. In view of these responses, a change in pro-

cedure was made in the hope of reducing the acquisition 
of adaptation effects, namely, arbitrarily stopping the 
test when the r.p.m. was 10 above the placebo level. 
This arbitrary halting of a test was quickly abandoned 
when the ceiling on the test was reached even when 
placebos were administered. Subjects 21 and 22 re
mained participants in the experiments, using the scoring 
procedure described in Experiment I, but in retrospect 
such subjects could be tested more advantageously with 
more stressful stimuli or with a longer period between 
tests to permit decay of adaptation effects. 

The beneficial responses ranged from 25 % to 87 % of 
the treatments; Subject 23 (100% efficacy) is not in
cluded because he failed to receive 25 mg ephedrine, 
the least efficacious preparation. On one or more occa
sions, six of the eight drugs, except scopolamine (0.3 
mg) and ephedrine (25 mg), provided the highest 
efficacy ranking. It is worth noting that, although the 
single drug ephedrine (25 mg) accounted for only one 
beneficial response when administered to 10 subjects, the 
combination promethazine and ephedrine (25 mg of 
each) was the most effective among the eight prepara
tions tested. 

After completion of the last test in the series, each 
subject was interviewed with the aid of the questionnaire 
completed in connection with the 15 tests. A table was . 
prepared (not shown) based on replies to the question, 
"Was a drug or placebo administered?" About two
thirds of the replies were correct for placebos about one
half for drugs. There were individual variations; e.g., 
two subjects nearly always thought they had taken a 
drug and three thought they had always, or nearly al
ways, taken a placebo. 

Possible Interactions Between Antimotion Sickness 
Remedies and Other Psychoactive Drugs: After Experi
ment III was underway, we began to suspect that certain 
subjects were drug users. This conclusion was based 
partly on their appearance and behavior and partly on 
the experimental findings. These subjects were the op
posite of active, alert, and interested subjects, thus dif
fering from other members of the group, and the effec
tiveness of some antimotion sickness drugs was less than 
expected. 

After completion of the 15 scheduled tests, interviews 
brought out the fact that some of the subjects had in
deed used marijuana in the past and two admitted they 
had not completely discontinued its use during the test 
period. It probably should be said in passing that there 
was almost no difficulty eliciting this information; most 
of the users were of the opinion that marijuana was less 
harmful than alcohol. Some additional tests were carried 
out with these subjects using higher doses than in Ex
periment III, and the results are summarized in Table V. 

In this series of tests there was little, if any, change in 
· the placebo baselines when compared with the base
lines in the "regular" series. In general, there was in
creased effectiveness with increased doses. None of the 
responses was detrimental and, among the drugs demon
strating beneficial effects, the scopolamine and amphe
tamine combinations were outstanding. 

Subject A took scopolamine (1.2 mg) and amphe-
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TABLE IV. INDIVIDUAL RESPONSES TO EIGHT DIFFERENT ANTJMOTION SICKNESS DRUGS (EXPERIMENT lII). 

Drug 1. Scopolamine (0.3 mg) 

Subject 

20 

21 

22 
23 
24 
25 
26 

27 
28 
29 

30 
31 

Motion Sickness 
Endpoint 

., 
Cl) 
C 

"' ..c u C: C: 

II 5:'.l§ 
- c:-
0 ·- 0 Drug Placebo u E U 

E 
Ii 
..: 

r.p.m.l r.p.m. r.p.m. % 

8.3 
28.03 

24.04f 
10.8 
15.0 

10 
15.1 

19.0 
9.0 
7.9 

11.0 
5.7 

5.8 +2.5 +43 

21.04a > + 7.0 > +33 

17.2 >+6.8 >+39 
6.3 +4.5 +71 

15.0 0 0 

10.8 +4.3 +40 

13.0 +6.0 +46 
8.0 + 1.0 +13 
7.4 +0.5 + 1 

10.0 +1.0 +10 
5.6 +O.l + 2 

n = 11 

"" 8 
l; . 
u E ., 
·- • Cl) 
~ 9, C 
!;ii ... "' 
v; 'o 6 

B 

B 

B 

B 
B 

B 
B 
B 
I 

I 
I 

X = 14.o 10.9 >+3.1 > +28 64% 36% 

Drug 2. Scopolamine (0.6 mg) 

Motion Sickness 
Endpoint ::: 

_______ c c: 

Drug 

II §=l§ 
o-= o Placebo U EU 

r.p.m. r.p.m. r.p.m. 

1i:, 
C 

"' ..c u 
E 
ci. 
..: 

% 

8 
l; . 
u E ., 

!f ~ rt 
C '- "' 

~'eel 

10.2 5.8 + 4.4 + 7612 B 

21.04b 11.0 >+10.0 >+i!_ B 
30.04g 20.0 > +10.0 >+SO B 

8.3 6.3 + 2.0 +32 B 
11.0 12.8 - 1.8 -14 I 
5.4 4.2 + 1.2 +29 I 

15.2 10.8 + 4.4 +41 B 

24.0 15.0 + 9.0 +60 B 
6.0 5.5 + 0.5 + 1 I 
6.3 6.3 0 0 I 

15.0 8.0 + 7.0 +87 B 
1·.6 5.6 + 2.0 +36 B 

n = 12 B 
13.3 9.3 > + 4.0 >+43 67% 33% 

Drug 5. Scopolamine (0.3 mg) + Ephedrine (25 mg) 
Drug 6. Scopolamine (0.6 mg) + 

Amphetamine (5 mg) 

20 8.5 5.8 +2.7 +47 B 
21 30.04d 21.0 >+9.0 >+43 B 
22 22.08 13.9 +8.1 +58 B 

23 9.9 6.3 +3.6 +57 B 

24 16.0 13.0 +3.0 +23 
25 10 

26 
27 

28 

29 
30 

31 

15.0 
20.0 

8.0 

10.8 
13.0 

8.0 

9.1 7.4 
30.()4j 12.0 

8.0 5.6 

n = 11 

+4.2 +39 
+7.0 +54 

0 0 
+1.7 +23 

+18.0 -t150 

+2.4 +43 

B 
B 

B 
B 

B 
B I 

X= 16.0 10.6 >+5.4 >+51 82% 18% 

1 r.p.m. = revolutions per minute. 
2 B = beneficial; I = inconsequential See text. 

7.1 5.8 + 1.3 +22 I 
5 

30.041 18.0 >+12.0 >+67 B 

9.6 6.3 + 3.3 + 52 B 
19.0 15.0 + 4.0 +27 B 

7.1 4.2 + 2.9 +69 B 

14.4 10.8 + 3.6 +33 B 
19.0 14.5 + 4.5 +31 B 

5.0 5.5 - 0.5 - 1 I 
9.1 

17.0 

6.6 

n = 11 
13.1 

6.7 + 2.4 +36 
9.0 + 8.0 +89 

5.6 + 1.0 +18 

B 

B 
B 

I 

9.2 >+ 3.9 > +42 73% 27% 

Drug 3. Ephedrine (25 mg) 

I Motion Sickness 
Endpoint -

Ir s <I) § 
::s ::s ::s -c-

Orug Placebo 8 ·a 8 
r .p.m. r.p.m. r.p.m. 

1i:, 
C 

"' .c u 
13 
ci. 
..: 

% 

5.2 5.8 - 0.6 -10 

8 
C: • 

-~ El t 
~ '!, C 
C: .... ~ 

~'cu 

19.0 18.5 + 0.5 + 3 I 

30.04h 25.2 > + 4.8 > + 19 I 
5 

16.0 13.1 
3.5 4.2 

10.3 10.8 

15.0 14.0 
6.7 5.5 

11 

+ 2.9 
0.7 
0.5 

+ 1.0 
+ 1.2 

+22 
-17 
- 5 
+ 7 
+22 

10.0 9.7 + 0.3 + 3 
5.1 5.6 - 0.5 - 9 

n = 10 B 

I 
I 
I 

I 
B 

12.1 11.2 >+ 0.9 > + 8 10% 70% 

Drug 7. Dimenbydrinate (50 mg) + 
Ephedrine (25 mg) 

6.5 5.8 + 0.7 +12 I 
19.06 17.0 + 2.0 + 12 I 
26.09 15.7 >+10.3 > +66 B 

12.0 6.3 + 5.7 +91 B 
14.0 

4.3 

11.2 
18.0 

6.0 

7.6 
12.0 

6.1 

n = 12 
11.9 

13.0 

4.2 

10.8 
15.0 

5.5 

6.7 
8.0 

5.6 

+ 1~ 

+ QI 

+ Q4 
+ 10 
+ Q5 

+~ 
+~ 
+ Q5 

+ 8 

+ 2 

+ 4 
+20 

+ 1 
+13 
+so 
+ 9 

B 

I 

I 

I 
B 

I 

B 
B 

I 

9.5 >+ 2.4 > +25 42% 58% 

Drug 4. Scopolamine (0.3 mgf + 
Amphetamine (5 mg) 

Motion Sickness 
Endpoint ::: 

II ] :'.l j 
o-S o 

Drug Placebo U El U 

r.p.m. r.p.m. r.p.m. 

., 
Cl) 
C ., 

.c u 
E 
Ii 
..: 

% 

7.5 
21.04c 

28.77 
10.0 
11.0 

5.8 + 1.7 + 29 

5.3 
17.1 

11.0 >+10.0 >+ -2.!_ 
21.3 >+ 7.4 >+ 35 

6.3 + 3.7 + 59 
13.7 - 2.7 - 20 
4.2 + 1.1 + 26 

10.8 + 6.3 + 2! 
18.0 11.0 + 7.0 + 64 

+ 13 
+120 

9.0 8.0 + 1.0 
11.2 5.1 + 6.1 

17.5 9.0 + 8.5 
6.7 5.6 + 1.1 

+ 94 
+ 20 

n = 12 B 

8 
C . 
~ E ., 
·- • Cl) 
~ ~ ~ 
C '-' Cl:S 

~'o6 

B 

B 
B 

I 
B 
B 
B 
B 
B 

13.8 9.3 >+ 4.5 >+ 48 67% 33% 

Drug 8. Promethazine (25 mg) + 
Ephedrine (25 mg) 

7.6 5.8 + 1.8 + 31 
30.04e 16.8 > + 13.2 > + 79 
30.0 22.0 + 8.0 + 36 

8.3 6.3 + 2.0 + 32 

16.0 11.0 + 5.0 + 46 

7.0 

13.0 
25.0 

7.0 

11.1 
15.0 

9.5 

4.2 

10.8 
14.5 

5.5 

6.7 
10.0 

5.6 

+ 2.8 

+u 
+tQS 

+ 1.5 

+« 
+ ~o 
+ 3~ 

+ 67 

+ 20 
+ 72 

+ 27 

+ 66 
+ 50 

+ 70 
n = 12 B 

I 
B 
B 

B 

B 

B 
B 
B 
B 

B 
B 

B 

15.0 10.0 >+ 5.0 > + 50 92% 8% 

B 

3 

5 
7 

7 

2 

2 

6 

7 
4 

5 
6 

3 

5 
2 
1 

0 

6 

4 

2 

1 
4 

2 
2 

5 

n = 91 

B I 
63% 37% 

8 Subject 21 did not reach endpoint because he complained of "arm and back fatigue." Motion sickness score: No points. 
' r.p.m. ceiling. Motion sickness scores: 4a = 2 points; 4b = 2 points; 4c = 2 points; 4d = 11 points; 4e = 3 points; 4f = 8 points; 4g co no points; 4h = 11 points; 4i = 9 points; 4j 

.,, 8 points. 
5 Experimenter error. See text. 
O Subject 21 did not reach endpoint because he was extremely drowsy and fell asleep. Motion sickness score: 8 points. 
7 Subject 22 did not reach endpoint due to equipment failure. Motion sickness score: 3 points. 
8 Subject 22 did not reach endpoint because he complained of dizziness. Motion sickness score: 10 points. 
9 Subject 22 did not reach endpoint because he had urgent need to urinate. Motion sickness score: no points. 

10 Subject 25 missed due to injury. 
11 Subject 29 no test due to illness. 
12 _ • subject's best respome. 
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tamine (10 mg) on three occasions with excellent results, 
although after the first dose he complained of side
effects. His response to promethazine (100 mg) + 
ephedrine (50 mg) was not beneficial, although when 
small doses (25 mg of each) were administered in 
Experiment III a beneficial response was obtained. 

Subject B on successive tests received, respectively, 
10 and 20 mg of amphetamine; after administration of 
10 mg there were no side-effects and after 20 mg he re
ported feeling a little "drowsy" and "groggy." The re
sponse to the larger dose was beneficial. In the regular 
series his response to scopolamine (0.6 mg) and amphe
tamine (5 mg) was not beneficial, but he manifested 
an excellent response when the doses were doubled. 

Subject C demonstrated excellent responses to in
creased doses of all five drugs administered, including 
the only outstanding response to dimenhydrinate ( 100 
mg) and ephedrine (50 mg). 

Subject D in the regular series often manifested satis
factory responses in terms of percent of change in r.p.m., 
but the highest r.p.m. reached was 7.1 after taking 
scopolamine (0.6 mg) + amphetamine (5 mg). When 
the doses were doubled on two occasions he reached 
9.1 r.p.m. in one test and 10.3 r.p.m. in the other. 

In summary, the possibility has been raised that anti
motion sickness drugs do not have the same effect on 
persons who use marijuana and those who do not. If 
subsequent studies confirm this conclusion it would still 
not be a surprising finding but its practical significance 
is self-evident. 

GENERAL DISCUSSION 

In the three experiments when the drugs were ad
ministered in usual doses, 225 tests were conducted in
volving 31 subjects; the responses were substantially 
beneficial in 135 tests, detrimental in 7 and inconsequ
ential in 83. By assuming that the percent change in 
r.p.m. had similar interpretive validity in all three ex
periments, it is possible to extract some additional in
formation from the combined data. 

In Table VI, the 15 drugs administered are ranked 
in terms of group responses to their overall beneficial 
effectiveness. The weighted responses take into account 
detrimental effects; one detrimental effect is made the 
equivalent of two inconsequential effects. Attention is 
directed to the roles played by promethazine (bold Ps) 
and ephedrine (bold Es) . In doses of 25 mg, the ef
ficacy of ephedrine ranked last and promethazine was 
in a tie for ninth place but, combined, the overall effec
tiveness was outstanding; among 12 subjects, 11 mani
fested a substantially beneficial effect and in the re
maining subject, the 31 % increase in r.p.m. was just 
short of meeting the criterion for "beneficial." This 
combination of two homergic drugs clearly manifests 
suprasummation effects. The combination promethazine 
(25 mg) and ephedrine (50 mg) also was highly bene
ficial. Ephedrine participated in the combinations with 
the topmost three rankings and they comprised the only 
drugs beneficial in more than 75 % of the subjects tested. 
Promethazine has long been used not only in the pre
vention of motion sickness (5,6) but also for the pre-

vention of nausea and vomiting in patients ( 7). In con
trast, ephedrine has been used only under experimental 
conditions (1,8) except in a fixed dose combination of 
25 mg promethazine and 50 mg ephedrine in Skylab 
IV (9) . A combination of 25 mg each promethazine and 
ephedrine has been used for relief of respiratory aller-
gies (10). · 

Beneficial effectiveness, however, does not necessarily 
mean maximum effectiveness, shown in the last two 
columns in Table VI. It is seen that there are some im
portant changes in rankings, the combination scopola
mine (0.6 mg) plus amphetamine (10 mg) and dimen
hydrinate (50 mg) demonstrating higher rankings and 
scopolamine (0.3 mg) alone or in combination with 
ephedrine (25 mg), lower ranking. 

Table VII shows the four subjects and four drugs 
involved in seven substantially detrimental (bold Ds) 
responses. In these same subjects are shown, in par
entheses, the responses that were not detrimental. Sub
ject 3, whose responses were the least efficacious among 
the 31 subjects tested, differed from the others in having 
four beneficial responses; this was only very slightly 
below the average for the entire group. It is interesting 
that among Subject 3's four best responses, prometha
zine (25 mg) plus ephedrine (50 mg) ranked best. 
Moreover, Subject 3 manifested his only inconsequential 
response when scopolamine (0.6 mg) plus amphetamine 
(10 mg) was administered, indicating that the detri
mental response with half the dose represented a valid 
test. The responses of, Subject 4 closely resembled 
those of Subject 3. Subject 11, with the worst record in 
the entire group of 31 subjects, manifested only one 
beneficial response which followed the administration 
of amphetamine ( 10 mg). The responses of Subject 19 
resembled those of Subject 11; his two beneficial re
sponses, not shown in the table, followed the administra
tion of promethazine (25 mg) and the combination 
dimenhydrinate (50 mg) plus ephedrine (50 mg). The 
latter was Subject l 9's best response by far and strongly 
contrasts with his response to dimenhydrinate (50 mg) 
alone. 

The possibility must be raised that differences in 
procedure accounted for six of the seven detrimental 
responses appearing in Experiment I. The most likely 
source of an error is in taking proper account of great 
variations in placebo responses, but in each instance these 
variations were small, hence did not pose a problem. 
The most reasonable explanation is based on individual 
differences in response. Although one may not draw a 
generalization from tests on a few subjects the findings 
strongly indicate that, even for highly efficacious anti
motion sickness drugs, subjects show curious but con
sistent patterns in responses to these drug. 

A table was prepared (not shown) that summarized 
the findings when the drug effects were inconsequential 
(neither substantially beneficial nor detrimental) and 
ranked their effectiveness for comparison with the rank
ings when the effects were beneficial. These incon
sequential effects ranged from a 31 % increase to a 
20% decrease in r.p.m. The smaller the percentage of 
tests in the "inconsequential" category the higher the 
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TABLE V. SOME CHANGES IN EFFECTIVENESS OF DRUGS GIVEN IN HIGHER THAN USUAL DOSES. 

Drug 

I. scopolamine (1.2 mg) 

2. amphetamine (10 mg) 
3. amphetamine (20 mg) 
4. scopolamine (1.2 mg) + 

amphetamine (10 mg) 
5. dimenhydrinate (100 mg) + 

ephedrine (50 mg) 

6. promethazine (50 mg) + 
amphetamine (10 mg) 

7. promethazine (50 mg) + 
ephedrine (25 mg) 

8. promethazine (50 mg) + 
ephedrine (50 mg) 

9. promethazine (100 mg) + 
ephedrine (50 mg) 

IO. promethazine (100 mg) + 
ephedrine (100 mg) 

Change in placebo level from 
Experiment III 

Table IV (usual doses) 
Table V (higher than usual doses) 

1 r.p.m. = revolutions per minute 

Subject A 

Change in r.p.m.t 

Pretest Side Effects % Significance2 

dizziness, dry mouth, 
"feel high" 

"feel h,igh" 

No side effects 

+75 

+27 

-9 

r.p.m. 

-0.4 

Percent change in r.p.m. 

Range 
-I +27 
-9 +75 

Mean 
+ 9 
+30 

B 

B 

I . 

Subject B 

Change in r.p.m. 

Pretest Side Effects % Significance 

No side effects 
''drowsy" 

"'light-headed" 

No side effects 

"light-headed" 

" light-headed" 

+ 2 
+ 36 

+88 

+ 7 

+104 

+96 

r.p.m. 

- 1.6 

Percent change in r.p.m. 

Range 
-9 +70 
+2 +104 

Mean 
+ 24 
+ 55 

I 
B 

B 

I 

B 

B 

2 B - beneficial; I = inconsequential; none were detrimental. See text. 78% beneficial; 22% inconsequential. 

Subject C 

Change in r.p.m. 

Pretest Side Effects % Significance 

Dry mouth, 
"light-headed" 

"light-headed" 

"lightheaded" 

' 

No side effects 

"lightheaded" 

+ 112 

+117 

+ 88 

+ 88 

+ 58 

r.p.m. 

-0.1 

Percent change in r.p.m. 

Range 
- IO +76 
+58 +117 

Mean 
+31 
+ 93 

B 

B 

B 

B 

B 

Subject D 

Change in r.p.m. 

Pretest Side Effects % Significance 

No side effects 

drowsy, stomach 
awareness 

drowsiness 

"feel ... pill" 

+131 

+ 24 

+ 84 

+ 74 

r.p.m. 

0 

Percent change in r.p.m. 

Range 
-17 +69 
+24 +131 

Mean 
+29 
+78 

B 

I 

B 

B 
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TABLE VI. DRUGS RANKED IN TERMS OF PERCENT BENEFICIAL RESPONSES TO 
USUAL DOSES OF ANTIMOTION SICKNESS DRUGS ADMINISTERED IN THREE EX
PERIMENTS. WEIGHTED RESPONSES TAKE ACCOUNT OF DETRIMENTAL EFFECTS: 
ONE DETRIMENTAL EFFECT EQUALS TWO INCONSEQUENTIAL EFFECTS. DRUGS 
ALSO RANKED IN TERMS OF HIGHEST RP.M. ACHIEVED IN A TEST AND GREATEST 

% INCREASE IN R.P.M. 

Overall Beneficial Effectiveness Maximal Effectiveness 

Terminal % In-
Number of Unweighted Response Weighted Response r.p.m. crease 

Drug Subjects % Rank % Rank Rank Rank 

P (25 mg) E (25 mg) 12 92 1 92 1 4 1 
P (25 mg) E (50 mg) 18 83 2 79 3 1 4 
S (0.3 mg) E (25 mg) 11 82 3 82 2 10 9 
S (0.6 mg) A (5 mg) 11 73 4 73 4 6 5 
S (0.3 mg) 11 64 5 64 5 10 12 
S (0.6 mg) 30 63 6 63 6 7 6 
S (0.6 mg) A (10 mg) 19 63 6 63 6 2 2 
D (50 mg) E (50 mg) 19 63 6 63 6 3 7 
D (50 mg) 17 59 7 50 7 5 3 
S (0.3 mg) A (5 mg) 22 55 8 50 7 8 5 
P (25 mg) 8 50 9 50 7 9 8 
E (50 mg) 8 50 9 50 7 13 12 
D (50 mg) E (25 mg) 12 42 10 42 8 11 10 
A (10 mg) 17 35 11 35 9 12 11 
E (25 mg) 10 10 12 10 10 13 12 

A = d-amphetamine sulfate; D = dimenhydrinate; E = ephedrine sulfate; P promethazine hydro-
chloride; S = 1-scopolamine hydrobromide. 

TABLE VII. SUBJECTS AND DRUGS INVOLVED IN SEVEN DETRIMENTAL RESPONSES AMONG 225 EVALUATIONS IN 31 
SUBJECTS. IN THESE SAME SUBJECTS ARE SHOWN, IN PARENTHESES,THE RESPONSES THAT WERE NOT DETRIMENTAL 

Subject Dimenhydrinate Promethazine (25 mg) + Scopolamine (0.3 mg) + Scopolamine (0.6 mg) + 
No. B D• (50 mg) Ephedrine (50 mg) Amphetamine (5mg) Amphetamine (10 mg) 

3 4 I 2 D - 23% :j: (B; best of 4 + 54%) D - 17% (I 0 % ) 
4 5 1 (I + 3%) (only B response + 58%) D - 25 % (I + 9%) 

II I 3 3 D - 27% D - 18% (I 0%) D 18% 
19 2 5 1 D - 25% (l + 13%) Not adm. ([ - 13%) 

•B = beneficial, I = inconsequential, D = detrimental, :j: = % change from placebo level. 

TABLE VIII. A COMPARISON OF GROUP RESPONSES USING 
THE OLD AND NEW PROCEDURES (SEE TEXT) WHEN THE 

SAME DRUGS WERE ADMINISTERED. 

Drugs (listed in order of 
Overall Beneficial 

Effectiveness) 

P (25 mg) E (50 mg) 
S (0.3 mg) 
S (0.6 mg) 
S (0.6 mg) A (10 mg) 
D (50 mg) 
S (0.3 mg) A (5 mg) 
P (25 mg) 
E (50 mg) 
A (10 mg) 

Average Number Head Movements 
Increased Over Placebo Level 

Previous Studies 
Using Dial Test• 

60 Subjects 

100 (3) 
60 (5) 
70 (4) 

140 (1) 
50 (6) 

135 (2) 
70 (4) 
40 (8) 
45 (7) 

Present Study 
Using Incremental 

Stress 

> 192 (1) 
> 124 (6) 
> 160 (3) 
>188 (2) 
> 140 (4) 
> 120 (7) 

128 (5) 
80 (9) 

> 84 (8) 

A = d-amphetarnine sulfate; D = dimenhydrinate; E = ephedrine 
sulfate; P = promethazine hydrochloride; S = 1-scopolamine hydro
bromide. 
•Clin. Phann. & Therapeutics 11 :621-629, 1970. 

rank in terms of efficacy, hence these rankings were 
roughly in the reverse order of the rankings summarizing 
the beneficial responses. Two striking exceptions in
volved an increase in efficacy when dimenhydrinate (50 
mg) was administered and a decrease in efficacy when 
this drug was combined with ephedrine (50 mg) . 

Table VIII compares the group responses in this series 
of experiments with previous findings on 60 subjects us
ing the "old" procedure ( 1). These comparisons are 
limited to nine drugs administered in the same doses 
and the responses are specified in terms of the mean 
change in the number of head movements. Every 
change contributed an increase in the number of head 
movements indicating that, in every instance, the net 
value was above rather than below the placebo level. 
When the rankings are compared, the differences are 
small except in the case of the combination scopola
mine (0.3 mg) and amphetamine (5 mg), which ranks 
far lower in the new compared with the old series. 
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When the dose was doubled, the rankings were similar. 
Finally, the difficulties and approximations inherent 

in testing the efficacy of antimotion sickness drugs are 
visible at nearly every step in the procedure, hence the 
data are ·more suited to clinical application than to 
elucidation of underlying mechanisms. Nevertheless, the 
first question that came to mind after carrying out the 
present series of experiments was whether the results 
were in accord with a theory underlying our previous 
drug studies (2): namely, that summation effects were 
observed with certain combinations of drugs, one with 
central sympathomimetic and the other with para
sympatholytic actions. This generalization has some sur
face validity for group responses but does not explain 
the great differences in response to the same drug for 
individuals within the group. We share the opinion of 
other investigators (11-13) that the central actions of 
antimotion sickness remedies are largely unknown. 
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Thresholds for the perception of angular acceleration 
as indicated by the oculogyral illusion 

EARL F. MILLER II and A. GRA YBIEL 

Naval Aerospace Medi.cal Research Laboratory, Pensacol.a, Flarida 32512 

A motorized chair (with precise servo controls) accelerated the observer in a clockwise (CW) or 
counterclockwise (CCW) direction at rates that ranged in logarithmic progression from 0.02 to 
6.00 deg/sec2. The target, a narrow collimated line of light, was contained within a goggle device worn by 
the observer and therefore fixed in relative position to hiin. The illusion, appearing as rightward or 
leftward movement of the visual target in the direction of acceleration, was determined by a double 
staircase procedure among 300 normal and 4 labyrinthine-defective observers. None of the latter 
perceived the illusion. The majority of normal observers revealed no substantial directional difference 
(CW vs. CCW threshoJd) . Threshold frequency distributions ranged in rate (deg/sec2) from 0.020 to 
0.950; the threshold of response in more than half the normal observers was less than 0.10, in over 
three-fourths was less than 0.20, in over 90% less than 0.30, and 100% less than 1.00. 

T he oculogyral illusion may be perceived by a 
person passively exposed to angular acceleration as 
apparent motion (in the direction of turn) of visual 
objects that are fixed relative to him (Graybiel & 
Hupp, 1946). The illusion has its genesis in the 
semicircular canals. and a knowledge of cupuloendo
lymph mechanisms, the role of adaptation effects, 
and the influence of secondary etiological factors are 
all essential for predicting its behavior under different 
stimulus conditions (Clark, 1967; Clark & Stewart, 
1968; Doty. 1969; Graybiel et al., 1948) . Studies have 
shown that its perception under ideal test conditions 
yields lower threshold values than other canal 
response indicators: the manifestation of nystagrnus 
and the sensation and aftersensation of rotation 
(Clark . 1967; Clark & Stewart. 1969; Dockstader, 
1971; Gray. Note 1; Van Dishoeck, Spoor, & Nijhoff, 
1954). Indeed. the thresholds of the illusion are so low 
that their measurement is limited by the precision of 
the rotating device. A highly sophisticated 
servo-controlled device, the rotating litter chair 
(RLC) . was developed expressly for determining with 
this indicator any changes in cupular thresholds of 
response that might occur during the prolonged 
weight less Skylab missions (Miller & Graybiel . 1973). 
The purpose of this report is to measure thresholds of 
perception of the illusion with this new device in a 
large sample of norq1al ma le observers and in four 
deaf persons with severe bilateral labyrinthine defects. 

Thi~ study was supported by Contract T-81633. Biomedical 
Research Office. and Contract T-59048, Office of Life Sciences. 
National Aeronautics and Space Ad min istration, Johnson Space 
Center. Houston. Texas. Opinions or conclusions contained in this 
report arc those of the au thors and do not necessarily reflect 
the views or endorsement of the Navy Department. 

METHOD 

Subjects 
T hree hundred normal healt hy men. ranging in age from 17 to 49 

year~. served a~ 1c~1 obscrl'ers: most (261) of these observers were 
ks~ chan 26 years of age. Th i~ group comprised 203 pilots or pilot 
craince~ . 44 enlbccd personnel. and SJ civilians. Each was accepted 
as a subject after demonstrating normal otolith and semicircular 
canal function. as indicated. respectively, by ocula r counterrolling 
(Miller. 1%2. 1970) and caloric response (McLeod & Meek. 
Note 2). In addition. fou r deaf individ uals with severe bilateral 
labyrinthine defects. as defined in Table I , served in determining 
nonlabyrinthine influences upon the perception of rotation. 

Apparatus 
Rotating titter chair. The RLC is a relatively lightweight 

(::: 145 lb) motor-driven rotational chair device that is described 
cl\cwhcre in detail (Miller & Graybiel. 1973) . A servo-controlled de 
brush-type motor is programmed to rotate automatically a seated 
obscn·cr at any one of 24 velocity vs. constant time (90 sec) profiles 
(Figure I) within extremely narrow limits of precision. The 24 
which ranged from :t0.0007 \Step I) to :t0 .0084 \Step 24) deg/ sec 
extended trapcLoidal-shaped profiles yielded in progressive 
loga rithmic step~ a range of constant accelerations from 
0.02 deg set.., (Step 1) to J.00 deg/.sec2 (Step 23): two log units of 
acceleration separated Steps 23 and 24 (6.00 deg/ sec2). The 
man-su pporting superstructure and motor of the RLC are directly 
coupled to elimina te gear slack and perceptible vibration and 
therefore meet the physiological requirement of eliminating small 
performance errors that arc normally within the sensitivity range of 
the delicate vestibular organs. 

Vestibular test goggle. The vestibular test goggle (YTG). 
ckwrihcd in detail elwwhcre (Milla & Graybiel. 1972). is a 
,elf-contained devil:c worn over the obsen•er's eyes (Figure 2). The 
coll inwtcd line-of-l ight target. the only thing visible to the observer. 
i, ~cit- illuminated by a radioactive source (tritium gas. 100 mCi. 
AEC lit·cnsc No. 09-00979-0J) contained in the goggle . Two knurkd 
knobs permit the target to be rotated 360 deg about its center and 
moved vertically. from a straight-ahead position , :t20 deg about the 
center of rotation of the viewing right eye; the left eye is occluded by 
being covered with a portion of the goggle. T he device is held on the 
face by its attachme nt to a biteboard assembly. which . in turn. is 
sct·u rc·d by an adjustable support connected to the RLC. The 
di\tancc between the ocular and occlusal planes is adjusted so that 
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Table 1 
Oinical F indings in Four Deaf Observers With Bilateral Labyrinthine Defects 

Deafness Hearing (dB) Caloric Response* 
Date of Counter-

Age of Clinical rolling 
Observers Age Etiology Onset R L R L Tests Indext 

G.R. 48 Mastoiditis 12 Nil 160 Negligible Negligible 1967 6 0 
G.U . 22 Meningitis 4½ > 145 > 145 Negligible Negligible 1967 89 
M.Y. 26 Meningitis 8 None None None None 1967 99 
P.E. 33 Me ningitis 12 None None Negligible Negligible 1967 77 

*Negligible or no observable nystagmus when tympanum irrigated with water at a temperature of 11 °C or less. 
fCalculated as one-half the sum of the eye roll measured in minutes of arc at the 50-deg rightward and leftward tilt positions. 

the obscrvcr·s visual axis in its primary position is essentially in the 
" horizontal'· pla ne containing the optic axis of the target system. 
T he target was found to be completely visible to all observers having 
a wide range of intcrpupillary distances: so no means of lateral 
adjustment was incorporated in the goggle. 

Procedure 
T he ocu logyra l il\usion was demonstrated at the time of the 

biteboard titting by having the observer observe the apparent 
movement of the test-goggle target during gentle side-to-side 
movements. 

The observer was then secured in a seated position within the 
RLC. a nd h i~ bitcboard and the VTG were a ffi xed to the support 
mechanism of the chair . He engaged the biteboard with h is teeth 
a nd donned the VTG by ti lting his head forward 20 deg. The 
target viewed by hb right eye was adjusted so that it appeared 
vertical a nd s t raight ahead . The purpose of the tixed head tilt was 
to place the "plane" of the la teral canals closer to the p lane of 
rotat ion. 

A sou nd sou rce for s ignaling the norma l observer was situated 
directly over his head. which elim inated it as a c ue to the chair 's 
rotational direction; the labyrinth ine-defective observer was 
signaled by lightly tapping the top of h is head . The rotational chair 
was located in a test cubicle. which permi tted this area to be 
darkened and thereby removed a ny possible influence of any small 
openings between the goggle's padding a nd the face . During testing, 
auditory d irectional cues were effectively removed by having the 
normal observer wear ea rphones . All observers used ha nd-held. 
color-coded lights to s ignal. when req uested . the direction of 
apparen t movemen t of the target. After one of the 24 acceleration 
ra tes was selected on the basis of the predetermined test schedule 
and observer performa nce . the program sta11 switch of the RLC was 
pressed . Arter 2 sec of constant posit ive acceleration. the observer 
was signaled to open his eyes. after 5 sec accumulative time. he was 
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Figure I . Diagram of a test-cycle profile indicating chair 
rotational mode and experimental activity as a function of time. 

signaled again to j udge whether the target appeared to move 
rightward or leftward. or to remain s tationary. If the observer did 
not respond after 15 sec accumulative time. a third signal was 
given. l f no response was received within 20 sec accu mula tive time. 
the encl of the constant acceleration period and the begi nni ng of the 
25-sec constant velocity phase. it was assu med and recorded tha t no 
movement was perceived . T he observer was instructed to close his 

· eyes irnmecl iately a fter each response. 
The clown ramp of the profil e required the observer . as in positive 

acceleration. to open hb eyes at 2 sec and to respond between the 
5th and 20th second at"ter deceleration had begun. After reaching 
0 rpm. the RLC remained stationary for at least 25 sec . In some 
cases. the next profile was not initiated for up to several minutes 
whe n: ( I) the total test time exceeded JO min. (2) when the observer 
requested additional rest time. or (J) for operat ional reasons . e.g .. 
wiping the goggle lens to remove a moisture lilm that occas ionally 
was fo und to accu mulate. T he direction of rotation among the 
profiles was varied at random according to a predetermined 
schedule. 

In selectin g an intcrtrial period between velocity ramps of at least 
25 sec. a n at tempt was made to redu ce the test time without 
in t roducing signi ticant poststimulus response effects. Although the 
an.1lys i~ of s uch effects was not part of this study, it was found in the 
development of the test method that these particul ar test cond itions 
yielded on the average no essential differences between up-ramp 
and down-ramp responses of the same d irection when the interval 
betwee n proliles was several times that between ramps. This 
assumption i~ more acceptable for th is st udy when it is considered 
that on ly relatively low lcvcb of acceleration (< 1.00 d eg/ scc2) were 
em ployed for the normal subjects. 

Our early experimental probes had indicated that a brief per iod 
of feedback training at an acceleration level well above response 
threshold was necessary to cs tabli~h that the observer understood 
the task and could readily observe the illusory movement. The 
observer was also full y apprised that apparent movement of the 
target in thi~ situation did not also require its apparent 
dbplaccme nt. pa rticu lar ly at or near his response threshold level. 
During t raining conducted at Accelerat ion Step 12. or higher if 
necessary. the observer was informed of h is results and coached 
unt il he cou ld consistently identify the direction of the ocu logyral 
illusion. During the actual test. the observer was not provided this 
feedback. 

Mechanically. the stimu lus to the cupuloendolymph system and 
therefore its response with clockwise (CW) accelerat ion is 
equivalent to those for coun terclockwise (CCW) deceleration. as in 
the reverse sense arc the pair of complementary directions of 
acce leration and deceleration. For convenience. each stimul us pair 
i~ henceforth idcntilied only by its associated d irection of 
accelcrat ion. 

A response threshold for each o f the two directions of 
acceleration was defined as the lowest acceleration at which the 
observer cou ld correctly identify the expected direction of apparent 
moveme nt in three out of four or in four ou t of six t r ia ls. When a 
di fference in perception of the illusion for the two directions of 
acceleration was manifested at a ny ste p. the threshold for the 



Figure 2. Diagram of the vestibuJar test goggle (VTG) . 

directi11n ofbcltcr performance was pursued first. Testing genera lly 
followed a double-staircase method (Cornsweet. 1962). Initially. an 
a t tempt was made to bracket the threshold within six log steps. If. 
for example. at least one response associa ted with the tirst test 
prolile (usually Step 12) was correct. testing proceeded to Step 6. I f 
a response or like direction was correct at Step 6 . fur ther testing 
continued in the range of accelerations between S teps J and 6: if 
not. the test range t"cll between Steps 6 and 12. On the other hand. 
ir both responses at the init ial step were incorrect. the two staircases 

Figure 3. Frequency distribution of the 
oculogyral illusion thresh old for clockwise 
(CW) and counterclockwise (CCW) directions 
of neceleration among 300 normal observers. 
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proceeded from , usually, Step 15 and the init ial acceieration step. In 
all cases, testing followed the pattern of alternately lowering the 
higher s tep a nd raising the lower one of the indicated" range. 
Securing the test ing if it became apparent that the threslrold was in 
a different range. the 6 or less log step bracket was shifted in the 
appropriate direction. Ascending-descending staircases permi tted 
an ever decreasing range of testing until the threshold was captured 
be tween two s\cps of acceleration. This permitted a relatively rapid 
gross estimation of a threshold . with the greater portion of the test 
time spent in ··tine tuning·· of the threshold. T yp ically . repeated 
trials were alternately made at the final two steps until the threshold 
criteria were established. On occasion, the threshold fell between the 
two s teps and in this case the threshold was assigned to the higher 
acceleration step. There were fou r subjects who exceeded the 
threshold criterion even at the lowest acceleration level (S tep I) 
provided by the device prior to assigning a threshold . Except in th is 
instance . it was a lways established that the next lower s tep fai led to 
meet th e threshold criterion . If the thresholds for CW and CCW 
acceleration were different. testing cont inued in similar fashion 
using. ir possible. the data already obta ined until the higher 
thre~holcl was determined . The test was completed in more than 
half the observers wi thin JO min. and in most withi n 40 min. 
although occasionally abou t I h was required. In no case was the 
ob~crvcr tested longer tha n JO min withou t one or more rest periods 
prior to completion of the test: each rest period of about 5 min was 
instituted with the observer remaining in the RLC but with h is head 
removed from the goggle and biteboard support. 

The oculogyral illusion threshold of each normal observer was 
mca~urcd by thi~ procedure on two different occasions. separated 
by at least 24 h . in order to determ ine test- retest reliab ility. 

RESULTS AND DISCUSSION 

The large number of t rials and long test periods 
often covering many days or weeks that are typical in 
measurements of a response threshold were avoided in 
this study without apparen t undue comprom ise in 
sensitivity or re liability by using 24 logari thmic step 
levels of accelerative stimuli. On a linear basis, this 
schedule introduced ever-increasing increments of 
acceleration among the progressive test steps with the 
resu lt. desirab le from a practical point of view, that 
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differentiability among individuals decreases as an 
indirect function of threshold level. 

Directional difference. i.e.. a difterence in 
threshold for CW and CCW acceleration. was not 
manifested in JS%. was less than 0.1 deg/sec2 in 
84%. and less than 0.2 deg/sec2 in 94% of the normal 
observers: the remammg observers revealed a 
difference that ranged from 0.2 to 0. 7 deg/sec2• 

Fu11hermore. a moderately high correlation (p = .72) 
was found to exist between data obtained with CW 
and CCW acceleration. A substantial directional (CW 
vs. CCW) difference in the oculogyral illusion (OGI) 
threshold response would therefore not be the 
expected result in a normal individual. A follow-up 
investigation of the small number of observers who 
demonstrated a relatively large directional difference 
was not conducted, but a study of unilaterally 
labyrinthectomized individuals gave some evidence 
that an acute unilateral vestibular disturbance may 
cause a difference (Miller et al., Note 3). 

The individual thresholds for CW and CCW 
acceleration were averaged to obtain a single measure 
of test-retest reliability, which proved to be 
moderately high (p = . 70). This level of reliability and 
the brief test period required make the method 
feasible as a clinical-type test of semicircular canal 
function. The large sample of normative data offers a 
substantial basis for comparing the OGI thresholds of 
response of individuals with possible vestibular 
disfunction. 

Frequency distributions of the oculogyral illusion 
threshold values among all the normal observers for 
CW and CCW acceleration are presented in Figure 3. 
The distributions were similar for the two directions of 
angular acceleration and ranged in terms of rate 
(degrees per second per second) from 0.020 to 0. 950, 
means of0.146 (CW) and 0.152 (CCW), a median of 
0.096 (CW, CCW), and modes of 0.096 (CW) and 
0.076 (CCW). The distributions on a linear scale are 
skewed right. More than half the individual 
thresholds fell below 0.10 deg/sec2; over three-fourths 
were less than 0.20 deg/sec2; over 90% less than 
0.30 deg/sec2

; and 100% less than 1.00 deg/sec2• 

These findings compare well with those of Clark and 
Stewart (1968) who found that the OG I thresholds of 
their 32 observers ranged from 0.04 deg/sec2 (close to 
the lower limit of their device) up to 0.28 deg/sec2, 

and confirm their conclusion that normal healthy 
adult men have semicircular canals that are highly 
sensitive to accelerative stimulation. 

All labyrinthine-defective observers failed repeated-

ly to perceive the oculogyral illusion at the highest 
acceleration step (6.00 deg/sec2) offered by the RLC 
test device. giving further evidence that the basic 
underlying mechanism for this illusion is the 
copuloendolymph system. 
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Technical Note 

A Z-Axis Recumbent Rotating Device 
tor Use in Parabolic Flight 

ASHTON GRAYBIEL and EARL F. MILLER II* 

Naval Aerospace Medical Research Laboratory, Naval Air 
Station, Pensacola, Florida 32508 

GRAYBIEL, A., and E. F. MILLER, II. A Z-axis recumbent 
rotating device for use in parabolic flight. Aviat. Space Environ. 
Med. 47(8):893, 1976. 

A prototype apparatus for exposing persons to rotation about 
their Z-axis in parabolic flight is described. Although it re
sembles Earth-horizontal axis devices, added features are Its 
strength and portability, and the fiber glass "couch" with ad
justable elements providing support and restraint. Eve11 under 
ground-based conditions, this device provides unique opportuni
ties for investigations involving not only canalicular and macular 
mechanoreceptors, but also touch, pressure, and kinesthetic 
receptor systems. 

THE SO-CALLED ZARR (Z-axis recumbent rota-
ting) apparatus was specifically designed for use in 

parabolic flight, where a person is exposed to gravito
inertial forces that may exceed a typical range from zero 
G to 2 G. As we expected it would have limited use, the 
low-cost device was fabricated in our shop on a time
available basis. 

Fig 1 shows its principal features. A cylindrical mod
ule 53.5 in long and 42 in in diameter (134 x 105 cm.) 
is supported by axles attached to A-frames, thereby 
allowing for rotation about the long axis. The A-frames 
in turn are mounted on a 4 x 8 ft (1.2 x 2.4 m) 
aluminum plate 3/4 in (1.9 cm) thick. This plate is 
supported by a fulcrum, and the entire device can be 
tilted about this fulcrum over a 20° range by means of 
four jacks. Rubber-tired wheels can be swung into place 
for transport purposes. 

MATERIALS AND APPLICATIONS 
A fiber glass body mold with features for fitting and 

restraining subjects is mounted inside the module and 
comprises the "couch." The Z-axis of the subject's head 
and trunk can be positioned in the axis of rotation of 
the module. The knees must be flexed to allow the feet 
to slip into a foot restraint (persons up to 5 ft 11 in tall 

Opinion or conclusions contained in this report are those of 
the authors and do not necessarily reflect the views or endorse
ment of the Navy Department. This research was supported 
by the National Aeronautics and Space Administration, Con
tract T-5904B. 
•Deceased. 

can be accommodated) . 
A one-quarter horsepower constant speed (1800 rpm) 

electric motor, with gear reduction and clutch, provides 
the necessary torque through an open-loop control sys
tem, to achieve angular accelerations of 1 rpm/ 4 s to a 
maximum velocity of 60 rpm. The open-loop control 
necessitates careful balancing for every subject in every 
position. Deceleration is accomplished by electrical 
damping through the motor. A foot brake is available 
to achieve rapid decelerations when necessary. 

Slip rings provide electrode couplings with recording 
and display devices. A marker signals every rpm on the 
recording when the subject is in the nose-up position. 
A satisfactory signal-to-noise ratio is achieved for ECG 
and EOG recordings when the device is properly 
grounded. 

CONCLUSION 
Preliminary testing indicates that the device will ex

tend the present scope of our research dealing with 
mechanoreceptor systems, even under ground-based 
conditions. This applies not only to the labyrinthine 
organs, but also to touch, pressure, and kinesthetic 
receptor systems. 
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Fig. 1. Z-axis recumbent rotating apparatus. 
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Soplte Syndrome: A Sometimes Sole 
Manifestation ol Motion Sickness 

ASHTON GRAYBIEL and JAMES KNEPTON 
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Florida 32508 

GRAYBIEL, A., and J. KNEPTON. Sopite syndrome: A sometimes 
sole manifestation of motion sickness. Av-iat. Space Environ. 
Med. 47(8):873-882, 1976. 

Drowsiness is one of the cardinal symptoms of motion 
sickness; therefore, a symptom-complex centering around 
"drowsiness" bas been identified which, for convenience, bas 
been termed the sopite syndrome. Generally, the symptoms 
characterizing this syndrome are interwoven with other symp• 
toms but under two circumstances the sopite syndrome com
prises the main or sole overt manifestation of motion sickness. 
One circumstance is that io which the intensity of the ellcltiog 
stimuli is closely mat.:bed to a person's susceptibility, aod the 
soplte syndrome is evoked either before other symptoms of 
motion sickness appear or in their absence. The second circum
stance occurs during prolonged exposure In a motion environ
ment wbeo adaptation results In the disappearance of motion 
sickness symptoms, except for responses characterizing the sopite 
syndrome. Typical symptoms of the syndrome are: 1) yawning, 
2) drowsiness, 3) disinclination for work, either physical or 
mental, aod 4) lack of participation In group activities. Pbeoom• 
eoa derived from ao analysis of the symptomatology of the 
soplte syndrome are qualitatively similar but may differ quanti
tatively from abstractions derived lo other motion sickness re
sponses. Ooe example is the sometimes unique time course of the 
soplte syndrome. This implies that the immediate ellcltiog 
mechanisms oot only differ from those Involved io evoking other 
symptoms but, also, that they must represent first order re
sponses. Diagnosis is difficult unless the syndrome under dis
cussion ls kept io mJod, Prevention poses a greater problem than 
treatment. 

I T IS GENERALLY acknowledged that drowsiness 
is one of the cardinal symptoms of motion sickness 

( 10, 12, 14,21) and that mental depression may charac-

This study was supported by the National Aeronautics and 
Space Administration, Contract T-5904B and the Bureau of 
Medicine and Surgery, project MR041.0l.01-0120. Opinions or 
conclusions contained in this report are those of the authors and 
do not necessarily reflect the views or endorsement of the Navy 
Department. 

terize chronic or prolonged motion sickness ( 1, 11, 17 ,-
19) . The purpose of this report is to present evidence 
indicating that these manifestations are only part of a 
symptom-complex that, for convenience, we have termed 
the sopite syndrome. The evidence has been gleaned in 
large part from systematic observations in connection 
with experiments conducted in slow rotation rooms, in
cluding many observations not published heretofore. The 
criterion used in identifying "evidence" was based on 
instances in which the sopite syndrome formed the main 
or sole clinical manifestation of motion sickness. These 
instances occurred either before other typical symptoms 
of motion sickness appeared or after their disappear
ance, implying that the time course of the sopite syn
drome may differ somewhat from that of the general 
symptomatology of motion sickness. These relatively 
rare instances comprising evidence for •the existence of 
the sopite syndrome must not be used to indicate its 
incidence, for this syndrome occurs much more fre
quently when other symptoms of motion sickness are 
present than when they are absent. 

The material <to be presented is primarily organized 
around four different motion environments; namely, ro
tating rooms, at sea, in the air, and in orbital flight. 
When the sopite syndrome occurs either before other 
typical symptoms of motion sickness appeared or after 
their disappearance, they are distinguished, respectively, 
by the terms "early sopite syndrome" and "late sopite 
syndrome." A further distinction is made between brief 
and prolonged exposures. Inasmuch as the main object 
is to prove the existence of a new symptom-complex, 
little attention will be given in this report to the far 
more common circumstance when the sopite symptoms 
are intertwined with other symptoms of motion sickness. 

THE SOPITE SYNDROME DURING 
ROTATING ROOM EXPERIMENTS 

In a room rotating at constant velocity, stressful ac-
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celerations are not generated unless head and body 
movements are made out of the plane of the room's ro
tation ( 6). Stress-free head motions include turning the 
head rightward or leftward when seated, standing, or 
walking upright. A knowledgeable onboard experimenter 
or observer tries to avoid motion sickness by exploiting 
stress-free head motions and by restricting stressful mo
tions, especially at the first indication that symptoms are 
imminent. An experienced subject can also avoid stress
ful head motions in these ways, but the unsophisticated 
subject is less aware of the cumulative effects of the 
eliciting stimuli and less skillful in avoiding them than 
the onboard experimenter/observer. The experimental 
design determines whether a subject makes head motions 
incidental to carrying out specified tasks, or executes 
experimenter-paced head movements in a standardized 
manner, or some combination of the two. 

In an experiment, persons aboard a slow rotation 
room (SRR) are usually exposed either to a prede
termined velocity ( rpm, clockwise or counterclockwise) 
achieved in one step or to an incremental stepwise in
crease in angular velocity ( 5, 15). Adaptation to rota
tion in one direction temporarily increases susceptibility 
to motion sickness when the direction of rotation is re
versed, although this "direction-specific" phenomenon 
was poorly understood until recently ( 4, 18). 

Early Sopite Syndrome-Brief Exposures: In assess
ment tests, subjects are usually required to execute 
standardized head movements, paced by means of a 
taped recording, out of the plane of rotation until a mo
tion sickness endpoint is reached. At least one onboard 
experimenter or experienced observer monitors every 
test and may monitor as many as three or four tests a 
day. The log books of experimenters and observers have 
been reviewed from the standpoint of their own suscepti
bility to the syndrome under discussion, and case re
ports presented are in decreasing order of their suscepti
bility and severity of symptoms. 

Case I: Experimenter 1, a physiologist now 50 years of age, 
has never been seriously ill. At the age of 26, tinnitis and vertigo 
were experienced as complications of a severe attack of "flu." 
Tinnitis has never disappeared, and on occasion Experimenter 1 
has experienced vertigo, usually on lying down. He has a high
frequency hearing loss, which is thought to be the consequence 
of using a rifle. When he was 33 years of age, a diagnosis was 
made of rheumatic fever without cardiac involvement. During the 
period of experimental interest, repeated health and fitness evalu
ations were conducted with no significant abnormalities being 
revealed. These evaluations . have included: 1) a comprehensive 
medical examination, 2) rigid qualification tests for participating 
in parabolic flight maneuvers, and 3) special assessment of 
canalicular, otolithic, and visual functions. Susceptibility to acute 
motion sickness was "average," and he willingly undertook as
signments involving frequent exposures in a rotating room. Three 
periods deserve brief mention. 

Rotation Period I: During a 5-month period (28 Aug. to 
27 Jan.) Experimenter 1 participated in 243 tests, an average of 
two or three tests each workday. These tests involved the use 
of an incremental adaptation schedule, usually 1-rpm steps to 6 
rpm, rotating either counterclockwise or clockwise (infrequent). 
Although Experimenter 1 avoided typical symptoms of motion 
sickness, he often had to make a conscious effort to overcome 
feelings of lethargy, and he gradually became aware that some 
of the side effects he experienced were cumulative. The following 
quotations from his log book are typical. 

18 Nov .... "Since 28 Aug. have noticed that after two series 
of clockwise rotations [more stressful for him than counterclock
wise] ... a decreased ability to concentrate and swift recall from 
memory, such as word selection, is slower than usual ... I have 
more frequently ... thought of occurrences in my past than I 
did before." 

19 Nov . . . . "I am extremely tired in the evening after a day 
of rotating in the new slow rotation room ... no desire to read 
[only] to sleep." 

20 Nov . ... "Clockwise rotation at 1300 hours put me into a 
stupor--drowsy and inattentive [state] but upon making the fol
lowing counterclockwise rotation at 1420 hours I was more 
alert." 

1 Dec .... "After two [tests] up to 6 rpm counterclockwise 
. .. I began to feel very drowsy ... after two clockwise [tests) 
I became very drowsy [with] loss of ability to ... concentrate." 

In summary, Experimenter 1 experienced symptoms not only 
when exposed to the eliciting stimuli but also aftereffects, both 
near-term and prolonged. 

During a typical workday, he felt mentally fatigued and day
dreamed "a lot." Moreover, when not busy, he dwelt on "occur
rences" in his past and began to link contemporary events with 
past activity. Not only was this behavior unusual but also long
forgotten events were vividly recalled. He also began to dream a 
lot at night, which was highly unusual. There was some tendency 
for these effects to accumulate, and they disappeared only grad
ually over a month's time after the 5-month period, with the 
exception that he continued to dream at night. 

Rotation Period 2: This period began about 6 weeks after 
Period 1 ended and lasted 4 months, during which Experimenter 
1 participated in 76 tests. The tests involved clockwise and 
counterclockwise rotation, using I-rpm incremental changes, 
usually up to terminal velocities of 10 to 15 rpm. His symptoms 
were similar to those described for Rotation Period I, although 
more severe on those occasions when high angular velocities 
were reached. 

30 May ... "This was a day of six counterclockwise rotations 
from 7 to 24 rpm. Some drowsiness, stomach awareness and 
discomfort, apathy [and] headache." 

7 June ... "After 6 h [exposure) entirely lethargic, loss of 
willpower. Unable to concentrate ... on subject matter"; 4 h 
later, "still lethargic, drowsy, sleepy, difficult to carry on mental 
activity." 

The stomach awareness and discomfort reported 30 May 
represented one of the three occasions when more than a trivial 
additional symptom of motion sickness was experienced. Ex
perimenter 1 dreamed a lot at night and was not refreshed after 
more than the usual amount of sleep. Recovery was similar to 
that described for Period I and required about 4 weeks. 

Rotation Period 3: During this period of a year, which 
began about 5 months after Period 2 ended, Experimenter I 
conducted 273 tests involving clockwise and counterclockwise 
rotations up to terminal velocities ranging from 4 to 30 rpm. 
The symptomatology was qualitatively similar to that manifested 
in the first two periods but somewhat more intense. 

12 April ... "Since 9 April I have been riding from 6-12 rpm 
maximum velocities each day [total of 9 runs in 4 d). By 6 p.m. 
(6-7 h post-run] I am lethargic and apathetic with no desire to 
talk or think. I have to constantly be wary of myself com
mitting errors." 

19 April ... "Prone to daydream a lot. More frequently lost 
attention to . . . carrying out my onboard duties . . . Mental 
concentration seemed more impaired than previous runs." 

30 Aug. . . . "Lethargic on this morning's clockwise adapta
tion runs, one to 12 rpm and another to 24 rpm. Dreaming a lot 
at night during sleep." 

Recovery was virtually complete in about 3 weeks. The one 
remaining effect was a tendency that was greater than usual to 
dream at night. 

Comment: It would appear that the stressful stimulus 
conditions revealed a personality vulnerable to neurosis 
or psychoneurosis. At all times, Experimenter 1 was 
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in solid touch with reality, and at no time was there 
even a hint of fantasy. The test schedule was fortuitous 
in the sense that it was not designed to reveal a latent 
neurotic tendency. The fact that it did points to a line of 
direction to take if such a study is attempted. Experi
menter 1 's personality symptoms must fall into the 
category of a "complication" of the sopite syndrome. It 
is also fairly safe to assume that the prolonged after
effects of a single day's exposures are complications. 

Case 2: Observer 1, a technician 52 years of age, has partici
pated in about 3000 brief exposures to a rotating environment 
over a period of 18 years. Although he is well adapted to rota
tion and does not experience acute motion sickness, he still, oc
casionally, daydreams, gets drowsy, and may even fall asleep. 
On these occasions, Observer 1 is of the opinion that stimulus 
conditions, such as high rpm, rotation clockwise (the unusual 
direction), and the need to move about (make head motions) 
are the main etiological factors and not his state of physical or 
mental fitness on those days. 

Case 3: Observer 2 estimates that he has participated ,in some 
1000 brief exposures in a SRR over a period of 10 years. Unless 
adapted, Observer 2 falls in the range of average susceptibility 
to motion sickness, and unless there is a reversal in direction of 
rotation, Observer 2 is virtually symptom-free. During a recent 
series of 30-rpm tests, however, he wrote " . .. associated with 
a feeling of complete fatigue was a mental attitude that I have 
expeienced before after Jong periods of rotation. A desire 
to be left alone, not having to converse with anyone; was very 
easy to fall asleep in almost any position." On another occasion, 
after a clockwise exposure he wrote ... "I seemed overly tired 
that night .. . Again this week was exposed to CW rotation and 
(had) drowsiness during a 25-min lull in recording at 6 rpm . .. 
Again noted the drowsiness during a lull in recording at 10 
rpm." 

Case 4: Observer 3, a technician 57 years old, has participated 
in approximately 400 brief exposures in a period of about 5 
years. He is well adapted to stimulus conditions. The fact that he 
sometimes felt "physically, tired" at the end of a day's test pos
sibly may be attributed to stimulus conditions. 

Case 5: Experimenter 2 participated in about 500 tests as a 
member of the staff when 25 to 30 years of age. He was far Jess 
susceptible than average to motion sickness and never experi
enced symptoms characteristic of the syndrome under discussion. 

Comment: Among the five experimenters and ob
server-technicians with much experience in conducting 
brief tests in the SRR, great differences in susceptibility 
to the early sopite syndrome were demonstrated, al
though the full spectrum was not revealed. The dif
ferences demonstrated were revealed at stimulus levels 
not eliciting other cardinal overt symptoms of motion 
sickness. Except in the case of Experimenter 1, who 
manifested complications, the chief symptoms were 
yawning, drowsiness, daydreaming, and falling asleep. 
The absence of symptoms implies low susceptibility to 
motion sickness, rapid adaptation, or a combination of 
the two. 

Prolonged Exposures: In one experiment, four sub
jects were exposed to rotation for nearly 25 d (7). The 
main object was to prevent motion sickness at a terminal 
angular velocity of 10 rpm by means of nine stepwise 
increases: the first step was a 2-rpm increase from zero 
velocity and the remaining steps were 1-rpm increases. 
The final period at 10 rpm was approximately 8 d long. 
Four Navy enlisted men, 17 to 19 years of age, served 
as subjects. A comprehensive medical evaluation and an 

array of vestibular and clinical tests revealed no sig
nificant abnormalities. The subjects' schedule was de
signed to keep them busy during a workday of ap
proximately 8 h. 

The choice of a 2-d period of "natural activities" at 
each incremental step was based on the likelihood that 
this period would more than suffice for the execution 
of the requisite number of head movements (out of the 
plane of rotation) to achieve adaptation. Nonetheless, 
there were two reasons the opportunity was always pres
ent, at each step-increase, for intraindividual and inter
individual differences in the acquisition of adaptation to 
be revealed. One was the fact the periods of rest, im
mobili-ty, and sleep ( when stressful head movements were 
minimal) were different from one day to the next. The 
second reason involved individual differences in readi
ness of acquiring adaptation to the motion environment. 
At the time the study was conducted, we were not 
properly aware of direction-specific adaptation effects; 
hence, sufficient attention was not given to periods or 
occasions when such effects might be elicited. 

During adaptation in a slow rotation room simultan
eous acquisition of direction-specific and nondirection
specific adaptation effects takes place ( 4, 18). The direc
tion-specific effects are acquired first, or at least pre
dominate, during the early stages, thereby causing the 
subject to lose his adaptation to the stationary environ
ment and to render him highly susceptible to motion 
sickness if the direction of rotation is reversed. If a sub
ject is poised to experience direction-specific effects, 
they would appear under such circumstances as : 1 ) a 
result of sudden or rapid cessation of rotation even if a 
person is motionless, 2) during the execution of head 
movements after cessation of rotation, and 3) upon re
versal of direction of rotation, especially if head move
ments were made out of the plane of rotation. In the 
experiment referred to here ( 7), a stationary environ
ment was simulated by counterrotating the subject in an 
onboard rotating chair. It is equally important to em
phasize that the absence of symptoms, when the subject 
is exposed to stimulus conditions designed to elicit direc
tion-specific effects, indicates that the subject has ac
quired at least an "adequate" level of adaptation. 

Special tests were conducted that required the subject 
to execute standardized head movements in different 
orientations relative to the axis of the room's rotation. 

What follows is based on a careful review of the 
original experimental findings and the logbooks kept by 
the subjects and a Navy physician, Experimenter 3. On 
Day 1 at 1930 hours the SRR was accelerated up to 2 
rpm in about 1 min. Experimenter 3's comments relative 
to the subjects have been extracted from his log book. 

Day 1 (2 rpm): "All doing well." 
Day 2 (2 rpm) a.m.: "Subjects today more tired. Got up 

slower, talked about noon siesta. Spent most the time lying down 
on deck and sitting. Food intake slightly down." 

1400: "Most of the subjects feel quite well adapted. 
Subject D sacked out all today-slept much more than normal." 

Day 3 (2 rpm): "Boys definitely tired this morning, espe
cially Subjects A and D. Level of performance is somewhat but 
not definitely down." 

1400: "Subject D still sacking out. Subjects mak-
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ing small errors today. After work period everybody, including 
me, sacked out." 

Day 4 (3 rpm): "Subjects less sleepy today." 
Day 5 (3 rpm): "Subjects ate little for breakfast. Didn't like 

food." 
Day 6 ( 4 rpm) : "Hardest to get subjects up and working. 

Slow to get to breakfast, ate less. Subjects got to work 1 ½ h 
later than usual. Tempers slightly shorter." 

Day 7 ( 4 rpm): 'Subjects eat:ing fairly well. Went to work 
relatively easy this morning." 

Day 8 (5 pm) : "Subjects fine." 
Day 9 (5 rpm): No comments regarding subjects. 
Day 10 (6 rpm): "Subject D still sleeps more than the 

others. Some wrangling (among the subjects) but no real sweat. 
Mainly, Subjects D and B." 

Day 11 (6 rpm): "Subject C is the 'work leader' of the 
group. Quiet but always [field days] starts others to work with
out being asked. Subject A goes next. Needs minimal if any 
pushing. Subject B is much less helpful, and Subject D <is no 
help. Others do his work. Sacks most of time." 

Day 12 (7 rpm): "Things went well till lunch. While eating 
noted room apparently moving CW [rotation was CCW], i.e., 
slowing down. [Oculogyral illusion.] Had emergency freeze 
[subjects motionless], 2 lying, 2 sitting . .. Down 30 min. Some 
friction, especially Subject D vs. Subject B." 

Day 13 (7 rpm): "Somewhat more though still not great 
friction [among subjects]. Subject A entering into it to some 
degree." 

Day 14 (8 rpm) : "Two unscheduled stops last night, the 
first about 0830 hours due to mechanical failure, then about 
0200 while the subjects were asleep the SRR was stopped slowly 
for repairs. This lasted 45 min and no one awoke." 

Day 15 (8 rpm): No comments regarding subjects. 
Day 16 (9 rpm): "Subjects today, much more sacking out, 

i.e., after work they lay down and slept rather than watched 
TV or played cards as normal. Subjects choose mainly carbo
hydrates but don't eat all of the food given them." 

Day 17 (9 rpm): "Subjects much sleepier today but still 
do work. After ·work they sack out fast." 

Day 18 (10 rpm): 'No one (of the subjects) has significant 
motion sickness so far." 

Day 19 (10 rpm): "We have already proven that we can 
get a group gradually to 10 rpm without motion sickness symp
toms. Feel strongly an isolation-type control experiment should 
be done somet:ime." 

Day 20 (10 rpm): "Ran a dial-type test [subjects executed 
standardized head movements] to check adaptation with subjects 
90~ to the axis rotation. All three [Subject B did not run] made 
10 min of movements without any symptoms." 

Day 21 (10 rpm): "Have had Subjects A and D on the 
chair, preconditioning them to O rpm. Never any motion sick
ness symptoms but they are far more tired than on another day. 
Both agree it is a significant increase. Things going well." 

Day 22 (10 rpm): "Second day of preconditioning of Sub-
jects A and D, no problems." · 

Day 23 (10 rpm) : "Subjects quite tired. Read or sack out 
at every opportunity, especially Subject D. Subjects still favor 
carbohydrates and sweets." · 

Day 24 (10 rpm): "Subject D very sluggish. Food intake 
yesterday low for the run." 

Day 25 (10 rpm): Cessation of rotation at 0955 hours. 
1415: "Everyone sacking out [after completion 

of tests]." 
Day 26 (zero rpm): "Subjects very tired and lethargic." 
Day 27 (zero rpm): Experimenter 3's last note: "Major 

characteristic is marked lethargy, fatigue and desire to be 'left 
alone.' Any stimulation causes many mumbled gripes, especially 
by Subject B. Three men sit about and sleep and one wants to be 
completely passive. The requests for mental arithmetic are par
ticularly noxious to the subjects.'' 

The subjects' logs added little to what was gleaned 
from the questionnaires they filled out every day. (Each 
morning, the subjects completed a form dealing with 
their state of health.) On three to five occasions during 
the day, •they filled out a "motion sickness" question
naire with a section for the experimenter's comments. 
Their logs differed greatly in kind and amount of in
formation except on one point; namely, vestibular side
effects. All were surprised not to have experienced pro
longed motion sickness and commented on the increas
ing postural disequilibrium with step-increases in angular 
velocity. For all subjects, their interest was aroused by 
events out of the ordinary, "poor chow," "square nee
dle," letters and pictures from fans, and publicity. 

A complete review of all of the findings provided the 
information in Table I. Subjects A and D were chosen 
to participate in most of the special tests; why they 
were chosen is unknown, but they were the "cut-ups." 
Only Subjects B and C experienced episodes of acute 
motion sickness, implying a slower rate of acquisition 
of adaptation effects than in the case of Subjects A and 
D. The fact that Subjects B and C experienced acute 
motion-.sickness indicates not.only that they were actively 
adapting but also reinforces the notion that, prior to 
experiencing motion sickness, they were poised to ex
perience the sopite syndrome. 

Comment: As the result of prolonged exposure to 
mild eliciting stimuli, the sopite syndrome was evoked 
in the virtual absence of other overt symptoms of mo
tion sickness. This syndrome clearly dominated the clin
ical picture, and this domination required the right com
bination of individual variability and stimulus profile. 
The onset was insidious, and the unsophisticated might 
attribute the yawning and drowsiness -to boredom and 
relaxation. More distinctive symptoms, however, includ
ed a disinclination to be active physically or mentally, 
the subject's facies and posture often reflecting these 
feelings. An additional diagnostic clue that the symptoms 
were in respo!lse to eliciting stimuli was the fact that they 
were inappropriate at the time of day. When properly 

TABLE l REVIEW OF EXPERIMENTAL FINDINGS FROM FOUR NAVY ENLISTED MEN 
(17-19 YEARS OF AGE) EXPOSED TO ROTATION FOR NEARLY 25 DAYS (7) . 

Number of Days Sopite 
Syndrome Manifested Acute Motion Sickness Episodes 

Regular Special Regular Test Unscheduled Superimposed on 
Subjects Activities Test Days Activities Conditions Stops Sopite Syndrome 

A s 1 
B s 1 1 
C s 1 1 (?) 1 1 
D 7 3 
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alerted, some of the subjects were able to overcome 
their lethargy and carry out most designated tasks. After 
cessation of stimulation, the symptoms disappeared 
gradually. In all of these instances of the early sopite 
syndrome, it may be inferred that the initial symptoms, 
at least, represented first order responses. The very 
gradual onset suggests an underlying cumulation charac
teristic of hormonal release and buildup. 

Late Sopite Syndrome 

During prolonged exposure in a stressful motion en
vironment and when symptoms of frank motion sickness 
are alleviated through adaptative mechanisms, complete 
restoration to health and high spirits may still require a 
period of days. The question arises whether we are 
dealing with the continuing effects of the eliciting mech
anisms or spontaneous restoration by virtue of homeo
static processes, or both. Under experimental conditions 
there is an opportunity to resolve this problem in dif
ferential diagnosis but, insofar as we are aware, an 
experiment specifically designed to achieve this goal has 
not been carried out. However, in reviewing the find
ings in an experiment (9) when four subjects were ex
posed to 10 rpm in an SRR for 12 d, it appeared that 
eliciting stimuli were acting long after frank motion sick
ness had disappeared and that the residual symptoms 
fit into our notion of the late sopite syndrome. 

The subjects were young, highly motivated officers, 
two Marine Corps and two Navy, with a history of low 
susceptibility to motion sickness. Their task was to carry 
out a variety of tests and to avoid becoming frankly sick 
if possible. Their indoctrin~ion included demonstrations 
that the stressful stimuli were generated only when head 
movements were executed out of the plane of the room's 
rotation and that there was a latent period before symp
toms of motion sickness appeared. Each subject was 
fitted with a modified orthopedic coll,!r which when 
worn greatly minimized head tilt with reference to the 
thorax. In addition to clinical observations and per
formance measurements, biochemical determinations 
were designed to study water balance, acid-base bal
ance, intestinal absorption, excretion of electrolytes, re
lease of stress hormones, glucose metabolism, and 
changes in certain serum enzymes. 

The subjects lived in the SRR for 4 d prior to rota
tion and 2 d after cessation of rotation. Acceleration to 
an angular velocity of 10 rpm was quickly achieved in a 
single step. With the sudden onset of rotation, all of the 
subjects immediately experienced difficulty in walking 
and in carrying out tasks involving bodily movements. 
The full impact was not felt c1-t once, and there was 
much individual variation in onset and intensity of mo
tion sickness symptoms. 

Subject AI did not vomit but lost 2 pounds during Day 1 be
cause of nausea and consequent food and fluid restriction. He 
slept at every opportunity during Days 1 and 2 ~nd fel! asleep 
during his "watch" at the end of Day 1. He regamed his appe
tite on Day 3. Subject AI had his "first real desire" to work on 
Day 5. During the remainder of the run he ~nti~ued to nap ?c· 
casionally during leisure periods and complamed ,m the mormng 
of excessive drowsiness and fatigue, even after 8 or 9 h of sleep. 

Subject BI experienced the first of his eight vomiting episodes 
within 35 min of Day 1 and the last during the evening of Day 
2. He was able to carry out the performan.;e tests but minimized 
all other activities. He exhibited a weight loss of 6 pounds by 
the end of Day 2 and regained this weight by Day 8. He dis
carded the head brace on Day 3, and that evening his appe~ite 
had improved. Thereafter, he did not restrict his head move
ments but continued to restrict body movements. Feelings of 
drowsiness and fatigue, although less prominent after Day 4, 
persisted throughout the run. Subject BI occupied his leisure 
time either with activities that required little mental effort or by 
resting or sleeping. 

Subject CI on Day 1 wore a head brace but, nonetheless, 
experienced typical symptoms of motion sickness within the 
first hour and vomited once in the afternoon. He restricted head 
movements through Day 2 and regained his appetite by the 
evening of Day 3. A weight loss of 3 pounds was regained by 
Day 4. On Day 6 he was in "good spirits," but his first desire 
for exercise was satisfied with "a few push-ups." With the ex
ception of Day 8, his log contained references to fatigue, such 
as "very tired at end of the day" (Day 11) and "very tired de
spite more sleep" on the morning of Day 12. 

Subject DI experienced slight nausea on Day 1, but this was 
limited to the first 3 h. He found it "difficult to stay awake" 
on Day 2, was "tired and sleepy" on Day 3, and bad a "good 
day" although "no desire to work" on Day 4. He complained of 
fatigue on Days 5 and 6. On Day 10 be wrote, "typical day, the 
tests are becoming tiresome and fatigue is a big problem." He 
was the only one of the four subjects to gain weight during 
the early prerotation period; he gained 2 pounds during Days 1 
and 2 but lost 1 pound during Days 3 and 4. 

Experimenter 2, who was onboard for this experiment and is 
always highly insusceptible to motion sickness, had more than 
500 hours experience at different velocities in the SRR. During 
the present experiment he reported slight dizziness during the 
first hour which rapidly subsided. Thereafter, he was virtually 
symptom free. 

Comment: In the original report (9), it was noted 
that, even after symptoms of nausea and anorexia dis
appeared and no further head restrictions were en
forced, all of the subjects continued to experience drowsi
ness and fatigue and to restrict their physical activity, 
which in turn minimized their head movements. None 
of the subjects had fully adapted to the experimental 
conditions by the end of Day 12. The common com
plaint was "fatigue," and although they were carrying 
out all of their assignments, the employment of their 
free time was directed toward rest and relaxation rather 
than toward things which required mental alertness or 
physical work. Subject BI complained most and Subject 
DI least, but the differences between the subjects were 
not pronounced. 

This clinical distinction between an early period typi
fied by the "nausea syndrome" and a late period typified 
by the "fatigue syndrome" not only was strongly em
phasized but also there were biochemical correlates. 
Thus, the increase in urinary corticoids in the late ~re
rotation period alone was significant, and the question 
arose whether this increase was in response to increasing 
the head movements ( eliciting stimuli) or an increase in 
exercise. A conclusion was not possible but the matter 
was put as follows: "With the disappearance of nausea 
this restriction on head movements was lifted, thus in
creasing the bizarre stimulus to the semicircular canals. 
This paved the way for the appearance of effects which 
either 1 ) necessitated a longer time-course of adaptation 
than did nausea, 2) required a stronger stimulus for 
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their exhibition, or 3) had different transfer-patterns. in 
terms of levels of stimulation." Clearly, the way was 
shown in which further experimentation would be worth
while. 

THE SOPITE SYNDROME AS PART OF 
SYMPTOMATOLOGY OF MOTION SICKNESS 

As indicated earlier, the signs and symptoms of the 
sopite syndrome are commonly intertwined with the 
constellation of symptoms and symptom-complexes com
prising motion sickness. The situation is analogous to 
that of the nausea syndrome when it is sometimes con
venient to designate a symptom-complex and at other 
times to mention particular symptoms comprising part 
of the syndrome. The following section is a brief dis
cussion in which a distinction is made between acute 
episodes of motion sickness and prolonged or chronic 
signs and symptoms that have been observed in slow ro
tation rooms. 

Acute Episodes of Motion Sickness in Rotating Experi
ments 

Assessment for susceptibility to acute motion sickness 
has been made in the SRR using a variety of proce
dures to elicit symptoms and various criteria for diag
nosing different levels of intensity of the responses. 
Yawning and drowsiness are common early symptoms, 
and falling asleep has been reported as a rare manifesta
tion during the execution of standardized head move
ments. 

One series of systematic observations (unpublished 
data) involved 98 students, 19 to 33 years of age. These 
tests were conducted in a lighted rotating room and the 
subjects, with eyes open, were required to execute 40 
standardized head movements at 1 rpm and at 1-rpm 

increments in angular velocity until the motion sickness 
endpoint M III ( 8) was reached. Frank motion sick
ness, which may include vomiting ( 8), begins after this 
endpoint. The time allowed for execution of each dis
crete head movement was 2 s in 84 instances and 4 s 
in the remaining 14. The findings in 28 of the 98 
subjects who experienced drowsiness are summarized in 
Table II, where a distinction is made between exposures 
of 30 min or less (N = 12, mean = 18.3 min for 
Group A) and exposures longer than 30 min (N = 16, 
mean = 35 .8 min for Group B). A noteworthy dif
ference between the two groups is the greater percent
age of incidence in drowsiness, both during and after 
rotation, in the more-motion-sickness-susceptible sub
jects of Group A. Although the long perseverance of 
symptoms after brief exposures was confined to drowsi
ness in this series of tests, in other tests we have ob
served persistence of additional symptoms as well; e.g., 
dizziness, headache, and increased susceptibility to 
sweating. 

In another series of assessment tests, 250 normal 
subjects with eyes covered executed head movements at 
a predetermined angular velocity, judged to be stress
ful, in a rotating chair for periods ranging from 1 to 
4 min ( 13). The motion sickness endpoint was Malaise 
III. Among the five cardinal overt symptoms of motion 
sickness-nausea syndrome, sweating, pallor, salivation, 
and drowsiness-the incidence of drowsiness was lowest, 
21.6 % . The decay time for disappearance of drowsiness 
was not measured but, with few exceptions, overt symp
toms of motion sickness disappeared in minutes rather 
than hours. 

Sea Sickness 

The vast literature dealing with sea sickness is replete 

TABLE II. SUMMARY OF OBSERVATIONS IN 28 OF 98 MEN, 19-37 YEARS OF AGE, WHO 
PARTICIPATED IN A SERIES OF STANDARD HEAD MOVEMENTS AT 1-RPM INCRE
MENTS IN VELOCITY ON A SLOW ROTATION ROOM (SRR) UNTIL THE MOTION 

SICKNESS ENDPOINT M III WAS REACHED. 

Group A - SRR Exposures 30 Min or Less Group B - SRR Exposures Longer Than 30 Min 
Subject Identification Intensity of Drowsiness* Subject Identification Intensity of Drowsiness• 

Number Prerotation Postration (period) Number Prerotation Postration (period) 

2 I O 5 0 I ( < ½ h) 
22 I O 8 I III ( < ½ h) 
25 I O 10 I 0 
30 0 I ( < ½ h) 13 0 III ( < ½ h) 
31 0 I ( < ½ h) 16 O I ( < ½ h) 
38 II II (8 h) 19 0 II (1 h) 
44 I I ( < ½ h) 29 I 0 
51 I O 33 I 0 
63 I O 35 I 0 
64 I I (2 h) 40 0 II ( < ½ h ) 
65 I I ( < ½ h) 41 O II (< ½ h) 
77 I III (8 h) 49 I 0 

50 0 I (1 h) 
88 I 0 
91 I 0 
92 I 0 

N ... 12 I II III 0 I II III 0 N • 16 I II III 0 I II III O 

Incidence: 75% 8% 0% 17 % 42% 8% 8% 42% -56% 0%-0%«%i'9%19%12o/;--

•1 • slight, II • moderate, III • extreme, 0 • not drowsy. 
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with descriptions emphasizing not only nausea and vom
iting but also a syndrome characterized by "psychic 
depression." Byrne ( 1 ) stated: "The effects of seasick
ness on the nervous system have been frequently alluded 
to in previous chapters. The psychic depression is fre
quently so extreme, and cerebral function so completely 
perverted, that self-control becomes an impossibility. 
Many of the numerous cases of suicide that occur at 
sea have for their immediate cause this psychic depres
sion. . . . " Quix (17) listed three categories, one of 
which is "psychic disorders : state of depression, mani
festing itself through slow ideation, lack of inclination to 
work, aboulia, weakness, fatigue, feeling of uneasiness, 
apathy that can lead to melancholy." Hill (11), under 
the heading of Lethargy, stated: "Sleep has an im
portant bearing, so far unexplained, upon the problems 
of sea-sickness. It often has a strikingly recuperative 
virtue, the generalized inhibition which accompanies it 
favouring in some way the restoration of autonomic 
balance. This effect is not limited to the period of sleep, 
but usually continues for some time afterwards. Drowsi
ness, apathy, and occasionally mental hebetude without 
actual somnolence, are signs of vagotonia." Schwab, a 
psychiatrist with experience in World War II, pointed 
out ( 19) that motion sickness "involves a large number 
of minor symptoms that build up before actual nausea 
and vomiting occur. The first symptom is rather a sub
jective one and is described as an uneasy feeling with a 
certain amount of lack of interest in the task being done, 
the book being read, or the person with whom one is 
talking. No visible signs are shown by the subject at this 
point and a great many travelers bothered by motion 
sickness may pass through this phase alone and never 
develop further symptoms or complaints because of the 
termination of their trip. Such passengers would not 
admit to being ill even though they were aware of this 
rather subtle change in their habits." It is evident that 
Schwab clearly distinguished a depressed state that he 
regarded as "prodromal to motion sickness," compar
able to what we have discussed above under the Early 
Sopite Syndrome. 

Under conditions in which vomiting occurs repeatedly 
over long periods without replacement of fluid and 
electrolytes-let alone the problem of nutrition-it is 
difficult to make the distinction between such complicat
ing effects and first order responses of vestibular origin. 

Weekend sailors who are not fully adapted, as are 
sailors who are at sea for prolonged periods, are the 
largest group with which we are acquainted who reg
ularly experience the syndrome under discussion. In a 
typical case, the symptoms appear after a long latent 
period and persist for periods measured in hours, rather 
than minutes, after return. The lethargy and drowsiness 
induced is not unpleasant; indeed, it is referred to as a 
desirable relaxing experience. Many in this group ex
perience the typical symptomatology of motion sickness 
in ocean races and rely on antimotion sickness remedies. 

One of our well-regarded technicians, with much ex
perience at sea as well as in the SRR, has described 
experience on destroyers which may be summarized as 
follows: After a long period at sea when most of the 

crew members he knew were thoroughly adapted to the 
range of stimulus conditions commonly experienced, 
they did not lose this adaptation after a brief period 
ashore. But after a week-say on duty in a harbor 
wh~re there was little turbulence--on resuming their 
c!"1.11se some would become sick, others experience drow
smess ( the sopite syndrome), and the rest would re
main symptom-free, not having lost their adaptation. 

Air Sickness 

O_ver 30 years ago Wendt (22), in summarizing his 
studies on "motion sickness in aviation," wrote: "It is 
suggested that much motion sickness is of a severity so 
low that it escapes the attention of both the victim and 
his associates. This 'subclinical' phase may not progress 
beyond the early stages of mild emotional depression 
and loss of motivation. It is hypothesized that the loss of 
motivation due to this degree of motion sickness will 
deleteriously affect the subject's motor coordinations and 
mental efficiency. "We suggest (without satisfactory sup
porting evidence) that much motion sickness is of a 
severity so low that it comes to the attention neither of 
the victim nor of his associates, being characterized only 
by emotional depression and loss of interest in work. 
Such motion sickness might be called 'subclinical'." 

Air sickness, an important operational problem prior 
to cabin pressurization and before the introduction of 
jet aircraft, has largely been prevented. Even in the 
absence of sufficient turbulence to cause overt motion 
sickness in persons with average susceptibility, however, 
the sopite syndrome has been recognized during pro
longed flights. It is also worth noting that antimotion 
sickness remedies, ordinarily eliciting mild drowsiness, 
may, nonetheless, exhibit efficacious effects. 

Space Flight 

During the orbital part of Skylab (SL) missions, mo
tion sickness was experienced by some of the astronauts 
under operational or field conditions. The well-known 
difficulty in diagnosing motion sickness, short of nausea 
and vomiting, under operational or "field" conditions 
held true in Skylab missions, even though the astronauts 
were experienced in diagnosing experimentally induced 
acute motion sickness. 

Fig. 1 represents an attempt to show the time course 
and intensity of motion sickness symptoms in the nine 
Skylab astronauts and indicates when antimotion sickness 
drugs were taken. The workshop findings that deserve 
special emphasis here involve the scientist pilot (SPT) 
in Skylab II and the three astronauts in Skylab III who 
did not take antimotion sickness (AMS) drugs prior to 
becoming motion sick. The Skylab IV crew was pro
grammed to <take AMS drugs through mission day 3, 
and thereafter as required; hence, the comparative ab
sence of symptoms does not necessarily imply that they 
were insusceptible to motion sickness. 

Skylab ll: During operational conditions of the first 
manned mission (SL II) the commander (CDR) and 
pilot (PLT) did not experience symptoms of motion 
sickness, but the SPT, in a debriefing, commented as 

Aviation, Space, and Environmental Medicine • August, 1976 879 



SOPITE SYNDROME-ORA YBIEL & KNEPTON 

MOTION SICKNESS UNDER OPERATIONAL CONDITIONS 
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•Fig. 1. Reported incidence of symptoms of motion sickness by astronauts during operations aboard Skylabs (SL) II, III, and IV. 

Antimotion sickness drug prevention and treatment with oral capsule is also shown. (CDR • commander, SPT • scientist pilot, 
PL T - pilot.) 

follows: "I took the one 'scop/ dex' (scopolamine 0.35 
mg plus amphetamine 5 mg) right after insertion into 
orbit that I had preprogrammed myself to take, whether 
I needed it or not. . . . I felt that, although we had no 
overt symptoms of motion sickness or any other specific 
syndome related to transitioning to weightlessness, my 
appetite was a little bit less, neglecting Day 1 when it 
was completely normal and that it was a little less for 
somewhere like the first week. I don't know why this is. 
As I said, I had no particular symptoms. I felt fine dur
ing those first 7 d, but I thought I felt even better after 
that." In elaborating on this statement, the SPT reported 
that more mental effort was required to complete his 
tasks than on the first day; moreover, that his appetite 
was not so good. By the sixth or seventh day, the SPT 

had regained his bouyancy and his normal appetite. 
In retrospect, the SPT agreed that the antimotion sick

ness drug may have accounted for his feeling very fit 
during the first day and that "motion sickness" might 
explain his mild symptoms, not reported during the 
operation, for the next 4 or 5 d. 

In this connection, it is worth mentioning that Ex
perimenter 3 ( 7) after making the transition to 4 rpm 
(Day 6) in the 25-d experiment recalled that he felt 
better on Day 1, when he took scopolamine and am
phetamine, than on Day 2, when the drug was omitted. 
Experimenter 3 wrote in his log: "Observer 2 and 1 are 
less energetic than yesterday, wonder whether ampheta
mine cushioned the rotational fatigue." Another pos
sibility was the antimotion sickness efficacy of the drug. 
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Although systematic observations have not been carried 
out, competent observers have noted that even antimo
tion sickness remedies with a depressant effect nonethe
less seem to counter the early sopite syndrome. 

Skylab Ill: The SL III astronauts were quite confi
dent that they would not become sick in weightlessness 
and, hence, did not take AMS drugs as a preventive 
measure. Nevertheless, the PLT experienced mild symp
toms of motion sickness within 1 h of insertion into 
orbit; these symptoms appeared in close relation to 
doffing his space suit. The scopolamine-d-amphetamine 
combination ameliorated his symptoms for a few hours. 
The PLT deliberately refrained from taking another 
antimotion sickness capsule while in the command mod
ule and, when his symptoms returned, he restricted his 
activities. 

During the activation of the workshop, about 11 h in
to the flight, the CDR and SPT also reported the onset 
of motion sickness, and the SPT vomited. Shortly there
after, the PLT also vomited. In Fig. 1 it is seen that the 
severity and duration of definite motion sickness symp
toms were greatest in the case of the PLT and least in 
the CDR. 

Skylab IV: In the light of the SL III findings, the SL 
IV crewmen had a choice of two AMS drugs when 
promethazine 25 mg plus ephedrine 50 mg was added. 
One or the other AMS drug combination was taken 
through mission Day 3 and thereafter as required. 

Comment: In astronauts experiencing motion sickness, 
our interest centers on the periods, measured in days, 
between the disappearance of the typical symptoms of 
motion sickness and complete restoration of fitness and 
well-being. During these periods of mild asthenia, it is 
difficult to sort out the countervailing influences of 
active eliciting and passive restoring mechanisms. 

GENERAL DISCUSSION 

It is instructive to contrast the well-known nausea 
syndrome with the sopite syndrome. Typically, feeling 
sick (nausea) is preceded by a vague "stomach aware
ness," then "stomach discomfort," which symptoms may 
at first come and go. Nausea is more likely to remain 
and may be followed by vomiting with its sec;ond and 
higher order complications. In a motion environment, 
nausea or nausea and vomiting are virtually pathog
nomonic symptoms. Indeed, under operational condi
tions, a diagnosis of motion sickness based on symp
toms other than nausea and vomiting may be questioned. 
There is nothing "normal" about nausea and vomiting; 
hence, differential diagnosis is not required. 

In most instances, symptoms characterizing the sopite 
syndrome are also experienced under normal conditions; 
hence, differential diagnosis is a requirement. A diagnosis 
is usually based on the symptoms per se and on the 
fact that they are inappropriate under the circumstances. 
Under experimental conditions, a correct diagnosis is 
made far easier than under operational conditions. Even 
the experimenter or experienced observer has difficulty 
under operational conditions, and this points to a need 
for diagnostic tests ,that supplement clinical appraisal. 

When one is dealing with acute experimental motion 
sickness under carefully controlled conditions, the diag
nosis is often clear-cut. Dramatic instances are those 
when subjects have fallen asleep while executing head 
movements. The word "drowsiness" does not always 
precisely fit what the subject experiences. The subject 
sometimes loses his interest in the task ( executing head 
movements) and, especially at high rpm, indicates his 
desire to stop, giving one or more of a variety of rea
sons such as fatigue, "back pain," and aching in the neck 
region. After adaptation, however, such a request from 
the same individual is rare. It is worth mentioning here 
that tests carried out under the influence of antimo
tion sickness drugs with mild narcoleptic effects may 
actually prevent the manifestations of the sopite syn
drome. 

If it is assumed that the sopite syndrome may be 
experienced in the virtual absence of other symptoms or 
after other symptoms have disappeared, then it follows 
that we are dealing with first order effects. In other 
words, this syndrome may have a time course that dif
fers from all other overt symptoms of motion sickness. 
The sometimes-long exposure before symptoms appear 
and their relatively slow disappearance suggest that a 
neurohumoral factor is responsible. 

Already there is proof that exppsure to eliciting 
stimuli results in a release of ADH (20) and increased 
urinary excretion of adrenalin, noradrenalin, and 17-
hydroxycorticosteroids ( 2). H is worth speculating 
whether the sleep factor described by Papenheimer and 
his associates (3,16) might be involved. 

In one of our subjects, a latent vulnerability to 
psychosomatic disorder was demonstrated. The period 
required for its demonstration, however, renders the 
procedure followed unsuitable for investigative purposes. 
Our recent experience in compressing in time the ac
quisition of adaptation effects indicates that there is a 
possibility that this objective can be achieved in the 
elicitation of psychosomatic manifestations. 
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Thirteen human volunteers were exposed to weekly flights in 
which standardized, steep turns were used to produce motion 
sickness. A combination of promethazine hydrochloride (25 mg) 
plus ephedrine sulphate (25 mg) was found to be equally as 
effective as the combination of 1-scopolamine hydrobromide 
(0.35 mg) plus d-amphetamine sulphate (5 mg). Droperidol (2.5 
mg) was indistinguishable from the placebo. It was concluded 
that the treatment of choice for motion sickness is promethazine 
plus ephedrine. 

A N IMPORT ANT advance in antimotion sickness 
drug therapy is the recent discovery (1) that, in the 

slow rotation room (Pensacola, Fl), a combination of 
promethazine and ephedrin is equally as effective as 
the longer-used scopolamine plus amphetamine combi
nation, which has ·been found repeatedly to be the best 
drug treatment for the prevention of motion sickness 
(2-4). If the generality became well established-that 
the new promethazine plus ephedrine combination is 
equally as effective as scopolamine plus amphetamine
probably this would become the treatment of choice for 
motion sickness, because this medication can be con
sidered safer for repeated use ,and can be expected to 
be more effective for motions of long duration. An in
dependent comparison of the two combinations, and in 
a different (inflight) environment, was therefore car
ried out. Tests of the effectiveness of droperidol, which 
is known (5,6) to suppress vertigo and nystagmus, were 
included in the study. 

Supported by a grant from the National Aeronautics and Space 
Administration, Washington, DC. Report No. 76-X-41. 

MATERIALS AND METHODS 

The Subjects: 20 normal volunteer subjects were 
chosen on the basis of a selection questionnaire (7) and 
on the basis of vestibular, auditory, and general medi
cal screening. These 20 were given a preliminary test 
flight to establish susceptibility to the motion sickness 
stimulus, and the 14 most susceptible were selected. One 
of these 14 withdrew before the end of the experiment, 
so that the procedures were completed with 13 subjects. 

The Drugs: Four different preparations were placed in 
opaque capsules, with uniform packing by the Faculty 
of Pharmacy of the University of Toronto. The four 
preparations were: 

I) 1-scopolamine hydrobromide (0.35 mg) plus d
amphetamine sulphate (5 mg) 

2) promethiazine hydrochloride (25 mg) plus ephed
rine sulphate (25 mg) 

3) droperidol (2.5 mg) 
4) olactose (placebo) 

The capsules were placed in envelopes marked l, 2, 3, 
or 4, and the code whereby these numbers related to 
the preparations was unknown to the experimenters 
and the subjects. Although the code was available in 
case of serious adverse drug reaction, it was kept sealed 
until after the experiment was finished and the statistical 
analysis of the results was completed (double-blind tech
nique). 

Plan: Each subject experienced four flights in ,addi
tion to the selection flight, and these were spaced at 
least 6 d apart (usually seven) . One of the four capsule 
preparations was used in each of the four flights. The 
subjects reported for the flights in the morning after 
only a small liquid breakfast ,and after refraining from 
consumption of alcohol or any other drugs during the 
preceeding 24 h. They filled in the pre-test questionnaire 
(7), which revealed their fitness for the flight and any 
deviations from preflight instructions, and then ingested 
the capsule from a designated numbered envelope at 
1.5 h before aircraft boarding time; this was approxi-
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TABLE I. ORDER OF CAPSULE ADMINISTRATION. 

PREPARATION CODE NUMBER 
Subject 
Number First Flight Second Flight Third Flight Fourth Flight 

1 1 2 3 4 
2 1 4 2 3 
3 1 3 4 2 
4 2 1 ,! 3 
s 3 1 2 4 
6 4 1 3 2 
7 2 3 1 4 
8 4 2 1 3 
9 3 4 1 2 

10 2 4 3 1 
11 3 2 4 1 
12 4 3 2 1 
.................................. ......... .. ........ . .. 
13 3 2 4 1 

mately 2 hours before motion stimulus time. Each 
participant was randomly assigned a number, and the 
subject's number decided 1he order sequence of drug 
administration (Table I). The sequences were chosen 
so that any possible order effects would be cancelled 
out. 

The subjects flew in groups of four, and each subject 
always occupied the same seat in the aircraft and was 
observed by the same observer. Two observers, who 
had been previously habituated to 1he stimulus flew 
with the subjects. Each observer observed two subjects 
and recorded signs of sickness before takeoff, after 
landing, and at 2-min intervals during the provocative 
motion. The subjects also recorded their own symp
tomatology at these times, and the severity of sickness 
during each 2-min interval was rated numerically ac
cording to the diagnostic criteria of Graybiel et al. (1). 

The motion was provided by a Canadian Forces 10 
TAG de Havilland Otter ·aircraft (DHC 3, CSR123) of 
400 Squadron, and all flights were flown by the same 
pilot (K.M.) with the exception of one flight by a pilot 
who had accompanied the preliminary flights. When 
the aircraft reached the designated training area, the 
motion stimulus pattern was imposed for 15 min for 
eight of ·the subjects and for 25 min for the four least 
susceptible subjects. The motion consisted of 30° banked 
turns from east to north to east, etc., at constant alti
tude, using maximum rate of roll into the turns. When 
the stimulus time was half over, the aircraft was turned 
around and the remaining turns were made from south 
to west to south, etc. In this aircraft, flying at 90 knots, 
the cycle from north to east and back to north required 
30 s, so that the frequency of the stimulus was two 
complete cycles per minute, a frequency perhaps lower 
than ideal for production of motion sickness (8). 

RESULTS AND DISCUSSION 

Several flights were missed by some of the first 12 
subjects, for a variety of reasons, and the make-up 
flights were used also to test the thirteenth subject. 
The scores of sickness severity after ingestion of each 
of the four preparations were analyzed statistically by 

TABLE II. KRUSKAL-WALLIS VALUES FOR H FOR TEST 
INTERVALS (FOUR-SAMPLE RANK TEST). 

Interval (min) 2 4 6 8 10 12 14 

H 1.34 3.58 1.88 2.74 5.10 7.36 8.76 
For four samples of randomly distributed ranks, H behaves ap

proximately as a X' variable with three degrees of freedom. A sig
nificant H value indicates a tendency for at least one sample to 
differ from all samples taken together. Critical values for H are 
6.25 at the 10% level of confidence, and 7.81 at the 5% level. 

the 2-min intervals using the Kruskal-Wallis four-sample 
rank test (9). Table II illustrates this analysis. 

The four-sample rank tests did not reveal any sig
nificant difference among the four kinds of capsules 
until the 12-min intervals, although the relatively large 
increase in H between intervals 8 and 10 is possibly 
caused by ·the difference beginning to appear. Statistical 
treatment was given to only the durations common to 
all the tests (seven 2-min intervals for ·a total of 14 
min), but in the four subjects who endured 25 min of 
the stimulus, the trends established in the first 14 min 
appeared to continue for the remaining 11 minutes. The 
scores of sickness severity were significantly lower after 
ingestion of the promethazine plus ephedrine combina
tion and of the scopolamine plus amphetamine combi
nation; the scores were higher after -the placebo and 
after droperidol. 

Two sample tests did not reveal any significant dif
ference between the severity of sickness following 
droperidol and that following -the placebo, nor any sig
nificant difference between the severity with scopola
rnine plus amphetamine and with promethazine plus 
ephedrine. 

The scopolamine plus amphetamine combination was 
the most effective in preventing motion sickness for 
six subjects and ·tied for best in one more, subject No. 9; 
the promethazine plus ephedrine combination was most 
effective for four subjects and tied for best in subject 
No. 9; droperidol was most effective in two subjects; 
the placebo was the most effective in no subject. 

Vomiting occurred in 10 of the 52 subject tests; five 
times after ingestion of droperidol, four times after in
gestion of the placebo, once after ingestion of scopola
mine plus amphetamine, and never after ingestion of 
promethazine plus ephedrine. The percentage of per
sons protected from vomiting by a drug, as described by 
Holling et al. (10) is not universally regarded as a valu
able index (11,12), but it is not without usefulness for 
comparative purposes (13). If, for purposes of calcu
lating the percentage of persons protected, droperidol 
be considered another placebo, then in the 26 placebo 
tests, vomiting occurred in 35%. In the 13 tests of 
promethazine plus ephedrine there was no vomiting 
(100% protec·tion), and in the 13 tests of scopolamine 
plus amphetamine there was only the one instance of 
vomiting (77% protection) . 

It is clear that, in this experiment, the effectiveness 
of the scopolamine (0.35 mg) plus d-amphetamine (5 
mg) combination is not distinguishable from the effec
tiveness of the promethazine (25 mg) plus ephedrine 
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(25 mg) combination, and that the finding of Graybiel 
et al. (1) is confirmed. 

Vestibulo-gastric illness can be caused by a wide va
riety of stimuli, some of which (14,15) do not even in
volve bodily movement as the prime cause. There is also 
·a wide variety of response-time relationships of differ
ent drugs (12,16) and a wide variety of doses that might 
be investigated. It is difficult, therefore, to have con
fidence in generalities concerning antimotion sickness 
drugs; it seems reasonable, nevertheless, to say that 
there is no present evidence that any preparation is 
better than the promethazine plus ephedrine combin·a
tion, and it seems reasonable to consider this combina
tion as the drug of choice for motion sickness. 

Another matter of significance is the finding of the 
relative ineffectiveness of droperidol (2.5 mg) in the 
prevention of motion sickness in these airborne tests, 
even though this medication has proven to be markedly 
effective in the control of spontaneous nystagmus due 
to vestibular disease (6). Although disturbance of the 
vestibular end-organs may well constitute the primary 
activating stimulus involved in both motion sickness 
and many vestibular disorders (e.g. Meniere's disease), 
the findings of this investigation may indicate involve
ment of different central pathways. 

The excellent results found here with this new drug 
combination are particularly impressive because the 
motion stimulus was of short duration and because the 
interval between ingestion and the start of the stimulus 
was only 2 h. According to its antihistaminic action in 
skin, promethazine reaches its maximum blood concen
tration after 3 to 5 h following oral ingestion, and 
it retains activity for 48 h (12, 16, 17). It is reasonable, 
therefore, to think ·that if this new combination is 
equally as effective as scopolamine plus amphetamine 
under the conditions of this experiment, then under 
conditions of long-duration motion promethazine plus 
ephedrine should be superior to scopolamine plus 
amphetamine, a conclusion that might be drawn also 
from previous studies of these drugs used singly (12, 
18). 
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The past four years, working under NASA Order No. T-5904B (which subsumed , • 

Contract NDPT-T-81633) marked the transition from Skylab to Spacelab. During this 
four-year period 18 reports were published (l-18), and some insight has been gained 
in explaining and dealing with side effects experienced by Skylab astronauts. ·. 

Skylab findings under operational conditions aloft we re clea~-cut in revealing 
performance decrement in five astronauts due to symptoms charccteristic of motion 
sickness. The findings, under experimental conditions, on and after Mission Day 8 
were equally clear-cut in revealing trivial, if any, symptoms of motion sickness, but 
curious side effects in the ro tating litter chair (RLC) were elicited. Fortuituously, 
some recent investigations hove provided an explanation for the so-called "vertigo" 
experienced in the RLC, but our explanation for the symptoms characteristic of motion 
sickness has not satisfied e veryone. 

It would be difficult to raise a more important question than whether free foll 
qualifies as a motion envi ronment in the sense that head movements are essential to 
elicit symptoms of motion sickness. If this question is answered in the affirmati ve 
then it fol lows that executing head movements is essential in acquiring adaptation. 
Our studies a re tackl ing this problem.from two aspects. In the KC-135 susceptibility to 
motio_n sickness in the free-fall parts of the parabola are compared with head-fixed and 
head-moving while seated and while rotating at 30 rpm. The second aspect deals with 
the opinion expressed by some of the astronauts and investigators associated with the 
Skylab program that a headwo rd sh ift of body fluids was the important factor elici ting 
motion sickness in orbit. Our approach is to compare susceptibility to motion sickness 
while rotating about the Z-ax is at 30 rpm with head 10 degrees above and 10 degrees 
be low the hori zontal. 

Assuming the .problem of e tiol ogy is solved, we would·sti ll require, in brief Spacelab 
missions, the means of preventing perfo rmance decrements due to motion sickness in some 
persons. Antimotion sickness remed ies provide the simplest and sometime s the on ly means. 
Rece nt studies have been directed both toward prevention and treatment . For prevention 
we are attempting to identify, on an individual basis, two long-term highly efficacious 
ontimotion sickness drugs for every subject. For treatment of early or acute symptoms of 
motion sickness we are identifying highly efficacious remed ies for intramuscular injection._ 

· In addition to the tasks mentione d above, progress, in varying degrees, has been made 
in carrying out the fo l lowing assessments; 

1. Susceptihil i ty to motio n sickness in the KC-135 during free fall. 
2. Rate of acquisit ion of adaptat ion effects in the laboratory. 
3. Transfer of overadaptat ion acquired in the laboratory to free-fall parts of 

the parabola in the r<C---135. 
4. Rate of recovery from acute motion sickness. 
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It is convenient to summarize al I of the work accomplished under the fol lowing 
three headings: 

1. Attempts to determine if free-fol I is a "true" motion environment. 
1.1 In the KC-135 during free fall, differences in susceptibility to motion sickness 

are measured between head fixed and head moving while restrained in a seat and during 
rotation at 30 rpm. The first step has been to place subjects in one of three categories 
based on their responses during the first two flights. In our first group of 40 subjects, 18 
were virtually symptom-free (Category I), 11 became frankly sick (Category Ill), and the 
remaining 11 fell in between Category I and Category Ill, i.e., Category II. 

fn Tobie I are summarized the findings in 14 of 18 members in Category I. The results 
are in terms of whether they manifested a change in category wi th head moving compared 
with head fixed. When restrained in the seat two of the 14 subiects demonstra ted a sub
stantial change. When rotating at 30 rpm four subjects demonstrated a substantial change; 
al I four, on one or more tests, became frank I y motion sick. 

In Table II are summarized the . findings i~ tests similar to those mentioned above on 
most of the 11 subjects in Category 11. In seven subjects tested while seated, four become 
frankly sick when executing head movements on at least one occasion when the control 
test (in a particular series) showed no changes in ca tegory. When rotating at 30 rpm three 
of four subjects tested .became frankly sick when executing the head movements. 

To sum up, there is some evidence that supports the view that execution of head 
movements in the free-foll phases of parabolic flight evokes motion sickness. It is to 
be expected that the elicitation of symptoms would occur more readily in the RLC than 
while restrained in a seat. One additional finding may be significant, namely, the most 

- stressful movement was to bend forward and return to the t,1pright (FU); this movement 
might stimulate the receptors in the otolith organs when rotating at 30 rpm. In contrast, 
rapid swiveling.movements (right-left) generating higher angular occel~rations were 
no tab I y I ess stressful. 

1.2 It is difficult to refute investigators who maintain that motion sickness in zero 
gravity is due to such factors as headword shift of body fluids, changes in electrolytes 
and low blood pressure. The reason is that not only are secondary etiological factors 
always acting, but a secondary factor may even be the most important cause for appearance 
of symptoms . 
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The results of an experiment just published (16) exploited the fact that normal 
· persons rotated about an Earth-horizontal axis vary in their susceptibility to motion 

sickness. The rationale was to use the head-horizontal position as a model for zero 
gravity. Twelve subjects after exposure for one hour with head horizontal, 10 degrees 
head-up and 10 degrees head-down, were then rotated for one hour at 30 rpm; there 
were no significant differences observed in susceptibility to motion sickness. One more 
experiment is planned using longer exposures (6 or 8 hours) prior to rotation. 

2. Attempt to identify, on ~n individual basis, two long-term highly efficacious 
antimotion sickness drugs for every subject. 

2.1 Assessments in a slow rotation room. 

The efficacy of antimotion sickness drugs may be evaluated in any motion environ
ment if it is kept in mind that persons may differ in their susceptibility to motion sickness 
in different motion environments. Scopolamine, for example, has been proven to be effi
cacious at sea, during vertical oscillation under laboratory conditions, in ai rcraft and in 
a rotating room. Recently we have demonstrated the efficacy of a combination of 
promethazine and ephedrine, and it has proved to be efficacio_us in aerobatic flight (17). 

Assessments under operational conditions usually rely o.n large numbers of 
subjects presumed to be overage and normal, using vomiting or nausea as the endpoint. 
Efficacy of the drug or drugs tested is usually given in terms of per cent of the group 
responding favorably • . 

Most of our bioassays for testing the influence of drugs on motion sickness have 
been carried out using a slow rotation room (SRR) in a laboratory setting. In the past, the 
procedure (described e lsewhere in more detail (19) ) involved: 1) the selection of subiects, 
which inc luded not only a comprehensive medical eva luation but, also, selective assess
ment of cana li cular and otolith function; 2) familiariz.ation; 3) generation of stressful stimuli 
by the execution of standardized head movements during rotation at a predetermined angular 
velocity; 4) the use of a motion sickness endpoint (or the execution of a given number of 
he ad movements); and 5) administration of drugs and placebos using a .I atin square of order 10 
and a double-blind technique. Shortcomings in the method inc luded 1) the ceiling on the 
test was often reached before the motion sickness endpoint, 2) the placebo baseline was 
inadequate, and 3) the results did not apply to individuals within these groups. 

A substantial effort was made (15, 20) to improve the procedure by 1) substitution 
of an increme ntal_ stress profile for a predetermined constant level of stress, 2) modification 
of a latin square of o rde r 4 or 8 to provide a better placebo baseline, and 3) categorizing 
response as inconsequential, substantially be ne ficial (hereafter beneficial) and substantially 
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detrimental. It was found that 1) a. large number of placebos were indeed needed to 
establish a baseline with which the response to a drug could be satisfactorily compared, 
and 2) a relatively long period between tests was required _to minimize the retention of 
any od~ptotion effects. A strict double-blind procedure was followed except for the 
fact that a very bigh rpm score on one test would imply that a placebo would be odmiri
intered on the next test. High scores may also be due to adaptation effects. 

Some details of the present method are described with the aid of Figure l, which 
represents actual findings in a recent experiment. The range of placebo endpoints is de
fined by drawing two horizontal lines and the mean placebo endpoint within this range 
indicated. Twice the range above and below the mean defines the limits which the 
response to administration of a drug is deemed 11 incon.sequentiol •11 Above and below the 
inconsequential range ore, respectively, the beneficial and detrimental ranges. Quite 
often the placebo range i~ influenced by adaptation effects in which event sloping base
lines must be used. Ra rely, a placebo baseline is virtually or actually flat, in which 
event an arbitrary inconsequential rpm range (usually 2 rpm} is defined. Also, rarely, 
the rpm ceiling on the test is reached when o placebo is administered. This phenomenon 
has vitiate d the results in a few tests. · 

. Thus far, the two best prospects for long-term use are scopolamine administered 
transdermally and a combination of promethazine and ephedrine , 12.5 mg each. In 
Tobie Ill the high efficacy of scopolamine is demonstrated whe n given orally, but, for 
long-term use, it must be administe red transde rmal ly . Preparations have been mode for 
using a transdermal delivery system twice as potent as that shown at the top of Table 111. 

Table IV summarizes our findings with promethazine plus ephedrine. Note the 
much smaller doses used than in the last Skyl ab mission. We have yet to demonstrate 

. long-term efficacy, and tl,is is where the small doses should prove to be advantageous. 
If these h\/o preparations (TTS-scopo lamine and the combi~ation of-promethazine and 
ephedrine} meet our expectations, a satisfactory response in some 80-90 per cent of our 
subjects would be a conservative estimate. 

2 .2 It is convenient here to mention the use of anti motion sickne ss drugs administered 
by intramuscular injection. The KC-135 offers almost a unique opportunity to treat acute 
severe motion sickness. This stems from the fa ct tha t about one-quarter of our subjects are 
highly susceptible to motion sickness when seated with head fixed. Among our first 40 
subje cts the 11 in Category Ill all experience d nausea and vomiting not late r than the 16 th 
parabola. They tol e rate tre atment by injection of an antimotion sickness reme dy in the 
KC-135 (an exciting experie nce}, a measure they would object to in the laboratory. 
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Table v ·summarizes our experience in the KC-135. At first we were hesitant 
in resorting to i~jection, based partly on the dislike for "shots" expressed by the subjects. 
This dislike has changed, and a subject sometimes requ·ests an injection. During our learn
ing period we used promethazine, and Table V discloses that if the drug is administered 
during the parabola when frank sickness is experienced (or the antecedent parabola) the 
results are highly efficacious. We next tried dimenhydrinate in the recommended dosage 
with obviously less efficacious results. Lastly, we have used scopolamine in relatively 
large doses (eliciting prominent side effects) with excellent results. 

3. Assessments that can be validated in orbital flight. · 

3. 1 Susceptibility to motion sickness during free fall in the KC-135 • 

. The difficulty here is that parabolic flight falls into the category of a complete 
motion environment, i.e., persons may become motion sick by the movements of the plane 
per se. As indicated above, only 18 of our first 40 subjects were symptom free or nearly 
symptom free. If thisholds true for a random group, only half could be properly tested in 

_ the tree-fall par~ of the parabola by comparing head fixed and head moving stimulus con

ditions. 

Two observations may be worth noting. Among our first 40 subjects the categorizatio~ 
based on the first two flights predi cted susceptibi li ty in subsequent flights except in four 

· instances. In one instance a subject sym_ptom free in the first two flights subsequently became 
frankly motion sick. In the remaining three subjects, one in Category Ill and two in Cate
gpry II gradually adapted to the stimulus conditions. 

At this time, only subjects in Category I would qualify for experiments involving 
validation in orbital flight. 

3.2. Rate of acquisition of ada pt~tion. 

Some knowledgeable investigators hold the opinion that rapid adaptation in a 
motion e nvironment is a more desi_rab le characteristic than is low susceptibility. Most 

· of our findings have been obtained incidentally. A few experimental trial s have been 
conducted in an effort to compress in time the period required to assess this important -... _ 
phenomenon. The results suggest that tests on three consecutive days may be necessary. 

Figure 2 illustrates extreme ly rapid acquisition and excell ent reten ti on of 
adaptation in a subject substantially less susceptible to motion sickness than the average 
(around 8-rpm) in the slow rotation room . · _ . 

Figure 3 shows results in a subject even less susceptible than the subject 
mentioned above who also reached the ceiling on the test (executing 1080 head move
ments) fo llowing administration of the first drug. Yet there is no evidence of re tention 
of whatever adaptation was acquired. 
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Figure 4 illustrates a subject with higher susceptibility than the average; 
hence, executed relatively few he~d movements but retained a substantial amount 
of the litt le adaptation that may have been acquired . 

Our goal is to develop a quick assessment to reveal the rate of acquisition of 
adaptation effects. It is hypothesized that the rate of acquisition of adaptation is similar 
insofar as involvement of the vestibular system is concerned .in oll motion environments. 
This hypothesis will be tested. 

3 .3 Transfer of overodoptotion acquired in the laboratory to the zero-gravity phase 
of parabolic flight. 

Recently, the phenomenon of 11 overadaptation 11 has been proven in a rotating 
room, the full extent of which remains to be demonstrated. In the SRR execution of a 
single head movement throug h 90 degrees of ore using smal I increments in rpm up to 7 
rpm will ensure virtual immunity to motion sickness up to 10 or 12 rpm not only counter
clockwise, in the practiced direction, but, ·also, clockwise. Moreover, it has been 
shown that this adaptation is retained for periods at least as long as a month. To expedite 
the acquisition 9f such high levels of adaptation a new device has been fabricated at the 
Applied Physics Laboratory at Johns Hopkins (Figure 5) and will soon be installed. 

·3 .4 Rate of recovery from acute motion sickness. 

Many incidental findi ngs reveal great individual variation in the rate of recovery 
from acute motion sickness, and it is altogether likely that these variations are subject
related rather than related to the motion environment . In other words, _subject-related 
recovery would hold true in diHerent motion environments and especially if secondary 
etiological factors were similar, e.g., eyes open or eyes closed. 

Systematic measurements have been made on a few subjects to aid in devising a 
brief assessment test. The stress profile required the execution of 80 head movements at 2 
rpm and at each 2-rpm step increase in angular velocity until the motion sickness end
point (slight nausea) was reached. The subject, with head fixed, remained at the terminal 
velocity until symptom-free, · then slowly returned to zero velocity. At the end of one hour 
the test was repea ted. The same procedure was followed on three consecuti ve days. The 
findings suggest that the one-day test may suffice . 

Exploratory Probes 

1. Effect of high gravitoinertial force on susceptibility to mot ion sickness . Systematic 
measurements have not revealed that the execution of head and body movements at the 
center and periphery of a SRR significantly affects susceptibility. Before publishing the 
findings, tests will be repeated using the PHM device, thus rul ing out possible secondary 
factors associated with 11 hard 11 and "easy" work. 
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2. The elicitation of nystagmus and the oculogyral illusion using a Sear's vibrator 
deserves continued exploitation for _the reason that it is suitable for ·use in orbital flight. 

. . 

3 . We have a very-short-arm (VSA) centrifuge and Dr. Grand is putting it into operation. 
Dr . Matsunaga in Japan will cooperate with us in its use. Dr. Matsunaga is best known 
for his work on differentiating central and peripheral causes of abnormal nystagmograms. 

Subiects and Devices 

Subjects. Our .poo l of subjects, ne~rly all from the Liberty Bible College, is around 60, 
but some 20 will be leaving the Pensacola area after June. Routine assessments incl ude 
1) a careful, comprehensive medical eva luation with attention directed to such factors 
as maturity, mental stability, and possible presence of psychobiological defects; 2) qualifi
cation for flights in the KC-135; 3) administration of a motion sickness questionnaire; 
4) assessments ensuring functional integrity of the visua l, otolithic and canalicular systems; 
and 5) tests measu ring susceptibility to motion sickness in different motion environments • 

.We ha ve explored the possibility of using female subiects from the Bible College. 
This will not pose a problem if we satisfy the administrators that they will , in effect, 
be properl y chaperoned . We sti II need to get toge ther with the Dean and work out 
additional details centering around the menstrual period. 

I·- Devices other than the·KC-135 , We have two slow rotation rooms. A SRR is only a 
11 pa rtia l motion e nvironment" in tha t the subjec t (if near the center of rotation) is virtually 
symptom-free unle ss head movements or head and body movements are made out of the 
plane of the room's rotation. Zero gravity is also a partial motion e nvi ronment if head 
(and body) movements are required for elicitation of side effects . Assuming ze ro gravity 
is a motion environment, it presen ts only one level o f a stressor effect. Any head move-

. ment presumably makes it a "compl e te " moti on environment until adaptation has been 
achieved. 

One of our two rooms (the o ld SRR) is now 11 down 11 fo r the reason that the foundation 
has se ttled and the supporting structure nearl y touches the deck . The room wi 11 be iacked 
up some three inches as soon as a contract with a Dal las firm is approved by local adminis
trators. 

Off-vertical rotating chair. This device, Figure 6, can be used in the upright or 
tilted mode. When til ted, during constan t a ngulcr ve locity, a rotating li near ·acceleration 
vector is ge ne rated tha t continua ll y (and se lect ive ly) stimu lates, in the labyrinth, the 
macular receptor -systems. In provocative testing both the a ng le of tilt and the rpm are 
manipulated in di ffe rent ways. Motion sickness e ndpoints can be expressed as a single 
score faci litating comparisons in susceptibility among subiects. This device is in constant 
use. 

Z- ax is recumbent rotator. A new apparatus termed the Z-axis recumbent rotator 
(ZARR) device , was especial ly buil t for use in the KC-1 35 (Figure 7) . Two new features 
(rotation about the Earth-horizontal is not new) have greatly added to its usefulness, 
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namely, the provision to tilt the subject ~ead down and the means to manipulate touch, 
pressure, and ki~esthetic receptor systems. Early findings include elicitation of types 
of disorientation experienced by Skylab astronauts. · 

Cineglobe. This comprises the equipment and movies shown at the World's Fair when 
it was held near :Shea Stadium. Motion sickness is elicited in many subjects who view the 
movies for periods varying from a few mirwtes up to an hour. Ataxiometry wi 11 be on 
added feature, using a Kistler device. 

. ,.__ 
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KC-135 Category I: Findings in 14 of 18 Members of 1st Pool of 40 Subjects 
. I • I 

In Seat Rotating 30 RPM 
· Head Fixed Head Move Head Fixed Head Move* 

Eff. Drug** (M; S pts) • No. 6 No. 6 No. 6 No. 6 
Subj. Tests Cat. Tests Cat. Tests Cat. Tests Cat. Head Fixed Head Move 

1 .. - 2 No 8 No 2 No 4 2 = 111 Not tried · · 

2 2 . No 3 :f No Not tried 

4 2 No 5 No 3 2 = II Not tried . 
\ --- T - ---- ·~ .. ,_ - - --- -

I 1 = 111 - . 

5 3 No 3 2 = II 3 111 2 111 2, 0 1, 8, 6 
3 1 ,! 

6 2· No 2 No 1 No 1 No 

7 2 No 6 No 1 No l No 

8 2 No 2 No l No l 111 

9 5 No 4 No , II 1 111 Not tried 

12 2 No 4 No 

14 3 l = II 3 l = 11 . 2 l = Ill , Ill Not tried , ' 
I ~.; .. 
I 

I r - ·---

15 2 No 1 No 

16 ' i 2 No l No 

17 2 No 6 No , No l No 

18 3 No 7 1 = II 
2 = Ill 

--...... 

* Zero-gravity p~rts of par?bolas. 
** P & E 25 mg eac h ! 

i:On two occasions direction of RLC reversed. 
! T,.,hl ,, I . 
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Subj. 

6 
-

7 

21 

26 

28 

30 

31 ~=-~ 

37 

*Front-up• 

------· , .... 
\ ' ,. 
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KC-135 Category II: Findings in 8 of 11 Members of 1st Pool of 40 Subjects --

In Seat Rotating 30 RPM 
Head Fixed Head Move. Eff. Drugs Head Fixed Head Move . 

No. No. No No. No. 6. 6. 6. 6 
Tests Cat. Tests Cat. Drugs p & E Tests Cat. Tests Cat. 

6 3 = II 7 1 = 111. I 1 I 2 . 1 = I 
---- --- • I 

I 3 = I - 1 = II ·.1 = 111* 
l I 5 = I ' I 

5 1 = 11 ' 4 4 = I -- - - - -·- - I l I 1 111* 
4=1 

9 2 = II 11 5 = II 2 2 = I 3 1 = I 
7 = I 6 = I 1 :;: II 

1 = Ill* 
3 1 =-1 3 2 = I FS 5,3,3 ! 

1 = 11 1 =Il l* . 6,3 • I 

1 = Ill ' 
' 

4 -- --- -- - - - - - 7,13,0 1 
, I. 

I 

8 2 = II 3 3 = Ill 2 = Ill 1 = Ill I 

6.= I 

4 2 = I 8 4 = I 
2 = II 3 = II 

1 = 111 

4 2 = II 7 7 = I l 1 = I - 2 . 2~ I 
2=1 

_j T ,-,hi ,,. II 

e. 
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· Responses to scopolqmine ··adm!nistered l) '. transdermal ly, 2) by mouth, and 3) in 

fixed-dose combination with amphetamine and ephedrine: Assessmen ts in SRR. 

Drug 

TTS (long-term use) 

TTS x 2 , 
I 

scopolamine p. o. (short-term use) 

S (0.3 mg) 

(0.3 mg) 

S(0.6mg) 
(O. 6 mg) 

S (0.3 mg) A (5 mg) 

S (0 .3 mg) E (25 mg) 

S (0.6 mg) 

Number of 
Subjects 

8 

8 -
11 

8 
30 

22 

11 

30 

% 
Beneficial 

62.5 

50 
64 

·. 67 
63 

55 

82 

63 

Response 

% Highly 
Effi cac i 9us 

25 

25· -

62 -

I I 

I ,I 

1· S (0 . 6 mg) A (5 mg) 22 55 
I 

S (0.6 mg) A (10 mg) , 9 -- - - - 63 

Transdermal Therapeutic System-scopolomine = TTS; 1-scopolamine hydrobromide = S; 

d-amphetamine sulfat_e ·= A; ephedrine sulfate= E. 

= recent series •. 
I 

·' T ob tee 111 

--..... .. 

J ,., 

~.; 

\ 
· l 
i . 
I 
:· . 
f 

! 
' 

I 
I 

I 
' \ . 
I 
I 
t 
I 

! 
~ 
t 

I 
I : 
! 
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i Response to Promethazine and Ephedrine Alone and in t 
I 

! 
I 

Fixed-Dose Combinations: Assessments in SRR 
I 

' ) 

~· I 
I 

I 
I 

I ! 
I Number of Response I 

. I 

1 I 

' 

Drug - -- Subjects % Benefic ial Range % >Bl . 
I 
i 
I 
I 
I 

P (12.5 mg) 8 50 12. 5 I • I 

- -I 

P (25 mg) 8 50 
•! 

. . I 

P ( 1 2 . 5 mg ) E ( 1 2 . 5 .mg ) 8 75 37.5 
-

P (25 mg) E (12.5 mg) 8 87 5* 62 ·.5 ; 

i . . . ! 

i 
P .(25 mg) E (25 mg) 12 92 "--

P (25 mg) E (50 mg) . 18 
- . . ~ 

83 .. , 
: - - ,r 

i • ., 
~-~ 

I 

E ( 12 • .5 mg) 8 12.5 0 I 
I ~ - I 

I t I 
E (25 mg) 10 I 10 L 

'. I 

; . -

E (50 mg) 8 ..: 
l,.- 50 

i ...__ 

I 
I 

I 
I 

I 
I 

P = promethazine hydrochl ·oride; E = ephedrine sulfate; · l · = recent series. 
I *Assuming Subject .J2 had .all B responses. 1J • • • 1• ! ~ I • ' 
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Responses to .Three Antimot!on Sickness Remedies Administered Intramuscularly During Sorties in the KC-135 

Promethazine 25 mg . Scopolamine 4 .3 mg Dirnenhydrinate 50 mg 
1st F S* prior Subsequent lstFSprior Subsequent 1st FS prior Subsequent • 

' Subj. Trial to injection FS In j. FS I to injection lnj. FS . I nj. to injection 

19 1st 16** 21 38 12 12 I 0 12· 13 24,29 

2nd 17 19 21,22 6 6 26 

3rd 
\ 

23 25 -- -· 0 

4th 23 25 0 

5th 26 26 0 ,! • 
I • ' 

i 6th 10 11 0 
t 

. I 33 11 13-:1= 14, 15 
i 

.47 1st 30 30 30 12 12 0 24 25 29,32,40 I 
I 

I 
2nd · 26 28 0 ! I 

8 1st 21 23 0 
~ - I 

I 
2nd 22 30 0 

10 1st 10 24 0 8 8 0 -~- -

2nd 32 32 0 

3rd 10 13 0 

16 15 19 22,23,38 

17 1st 0 11 13, 17 

2nd 9 10 0 ....... 

3rd 0 10 13 
I 

I 

*FS = frank sickness; **1 (>th parabola; =I= promethazine 50 mg • ., [: 
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THE PREVENTION OF lUOTION SICI{NESS IN ORBI'TAL FLIGH'l' 

A. GRAYBIEL 

Naval Aerospace Medical Research Laboratory, Pensacola, F lorida, USA 

A question has arisen whether zero gravity qualifies as just another "motion environment" 
in which 1uotion sickness may be elicited, or if one or more undetermined etiological factors 
a re present which render such terms as "motion environment" and "motion sickness" in
appropriate. The question is of more than academic interest for t he reason that in t he forth
coming Shuttle Program we have either one problem or two : one if we are concerned solely 
with prevention, but two if we must tackle the problem of covert etiological factors as well. 
This problem points up t he need to define motion sickness if investigators, world-wide, hope 
to resolve the matter in the most economical manner'. 

Meanwhile, substantial reliance must be placed on the use of antimotion sickness drugs 
and some recent findings are presented based on tests cat'ried out in a rotating room using a 
new procedure. 1Vhereas previous findings in ow· laboratory deal t with group responses, the 
new findings are not only valid fo1• a group, but a lso valid for each subject tested. It was 
demonstrated that t he effects of a drng may be efficacious for a group yet may be detrimenta l 
fo r one or more individuals in that group. 

1. Introduction 

This report falls into three parts. The first is an attempt briefly to define 
motion sickness. The second raises the question whether zero gravity qualifies 
as a motion environment, or whether we are dealing simply with "symptoms 
characteristic of motion sickness". The third part summarizes some recent 
findings dealing with the effectiveness of representative antimotion sickness 
drngs. 

2. lUotion Sickness: A Brief Definition 

2.1. 1.'crminology 

The term motion sickness, p roposed by Irwin (1] in 1881, has slowly gained wide 
acceptance because it met the test of convenience by its etiologic and symptomatic 
connotations. Objections have been raised to t he use of "motion sickness" in 
scientific discourse but it is satisfactory for om· use here in treating motion 
sickness as a clinical syndrome that may be experienced in conveyances (motion 
environments) of different types. Experimental motion sickness broadens the use 
of the term, especially if we include responses elicited in conducting a wide variety 
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of laboratory tests which involve the vestibular system. The term amotion motion 
sickness identifies the category when the vestibular and organs are not stimulated 
such as may occur in simulators [2], when viewing movies projected on a hemi
spherical screen and during optokinetic stimulation [3]. In the clinic patients 
suffering from a variety of afflictions may e2.-perience symptoms characteristic of 
motion sickness either spontaneously or as a consequence of head and body move
ments. All of these distinctions are usually clear from the context. 

2.2. Etiology 

The side effects elicited as a result of a too rapid transition into certain stressful 
motion environments tend to fall into two categories [4]. One comprises the imme
diate reflex disturbances (IRD) such as nystagmus and postural and visual 
illusions. The other, i.e. motion sickness, is a delayed epiphenomenon comprising 
a constellation of symptoms and syndromes resulting from a failme in homeo
static mechanisms that permits irradiation of impulses or influences to sites 
outside the vestibular and visual systems where first-order responses have their 
origin. First-order responses, acting as stimuli, may elicit second and higher
order responses and so on, until the organism is generally involved. Although the 
vestibular system is essential for the elicitation of motion sickness (persons who 
have lost vestibular function are immune), an array of secondary etiological 
factors among which visual influences are prominent, are always involved even 
in healthy persons. 

These secondary influences constitute an important yet poorly understood 
aspect of motion sickness and account for much of the lack of agreement (even 
among students of motion sickness) concerning its "cause". It may be assumed 
t hat any factor tending either to evoke or inhibit a response characteristic of 
motion sickness will affect susceptibility; "cold" sweating for example is elicited 
quickly in a warm environment but much later if the environment is cold [5]. 
Vision is ambivalent in t his regard; sea sickness is more readily elicited below 
deck (or even with eyes closed) than while fixating on the horizon . The great 
importance of secondary influences is best demonstrated by circumstances in 
which they play a greater etiologic role than does stimulation of the vestibular 
end organs, i.e. psychological influences, notably conditioned responses. I t is 
also important to distinguish between persons who are healthy and persons who 
a re either in ill health or experiencing a concomitant functional disturbance that 
is not secondary or of a higher order of response or even a complication induced 
by such responses. For example, alterations such as changes in electrolyte ba
lance and distribution of body fluids may precede the elicitation of motion sickness 
or be one of its consequences. The distinction is important from the standpoint 
of causation of symptoms. 

2.3. Incidence 

All normal persons a re probably susceptible to motion sickness unless counter
measures are taken. All persons with bilateral labyrinthine defects [6] are pro
bably immune. Persons with loss of vision remain susceptible including those 
who have never perceived light [7]. Variations in susceptibility a re so great, how
ever, that some persons do not experience motion sickness in conveyances. 
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2.4. Symptomatology and derived Phenomena 

It is convenient to distinguish not only between acute brief episodes and chro
nic or prolonged manifestations of motion sickness but also between the responses 
per se and what might be termed derived phenomena. 

Acute Motion Sickness. Symptoms of acute motion sickness useful in making 
a clinical diagnosis include pallor, sweating, salivation, drowsiness, and most 
important from a practical standpoint, the nausea syndrome. Release of the anti
diw·etic hormone (8] and urinary excretion of 17-hydroxycorticosteroids and 
catechol amines (9] are among the many biochemical responses that may be 
manifested within a short time. Acute motion sickness may be experienced under 
operational conditions and brief exposures are commonly used to test for suscepti
bility under laboratory conditions. 

Derived Phenom,ena. From an analysis of the symptomatology in a typical 
instance of acute motion sickness the following characteristics emerge : (i) delay 
in appearance of symptoms, (ii) temporal summation, and either (iii) preservation 
of symptoms after cessation of stressful stimuli or (iv) acquisition of adaptation 
effects. From an analysis of the symptomatology obtained from repeated exposme 
of one person either to the same level of stress or to the same incremental increases 
in levels of stressful stimuli, variations in responses are predictable only within 
a certain range. From analysis of data on groups of persons, derived phenomena 
include individual differences in (i) susceptibility to motion sickness, (ii) rate 
of acquisition and decay of adaptation effects, (iii) t ransfer of adaptation from 
one motion environment to another, (iv) amount of performance decrement 
for comparable levels of severity of symptoms, and (v) responses to counter
measures. 

Chronic M otion Sickness. A sharp distinction cannot be made between acute 
and chronic motion sickness which includes the recovery period or convalescence. 
A person severely ill for no longer than 1 to 2 hom·s may require "days" to recover. 
Moreover, it may become difficult or impossible to distinguish between the period 
of susceptibility (with some response being made to eliciting stimuli) and the 
recovery period unless there is a cessation of eliciting stimuli. 

Sy1npto1ns. Symptoms of chronic motion sickness (10, 11] may or may not have 
an acute onset. With a gradual onset the symptoms do not appear, ramify and 
intensify in the order characteristic of acute motion sickness. One extreme is the 
so-called "avalanche phenomenon" and the other extreme is a syndrome charac
terized subjectively by apathy, drowsiness and fatigue, and objectively by slug
gishness and performance decrement. I t has been termed the sopite syndrome (12] 
and, wider experimental conditions, it may be the only definite overt evidence of 
motion sickness. Although systematic observations are few, there is a clear indi
cation that the time course for different symptoms may be different. 

The recovery from motion sickness during continual exposure to the stressful 
accelerations is complicated. First, the sites of origin of symptoms must either 
be freed of eliciting influences or the intensity of restoring mechanisms must 
be greater than the eliciting influences. Thereafter restoration takes place con
tinuously but not necessarily rapidly through homeostatic events and processes. 
Adaptation in the vestibular system is essential to prevent irradiation of vestibular 
activity beyond its confines. If a chemical etiological factor is also involved, con
siderable time may be required for its spontaneous disappearance. Thus, although 
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i t appears that adaptation of symptoms of motion sickness directly involves their 
underlying systems, this is not the case. 

Derived Phenomena. For self evident reasons, in chronic motion sickness, the 
identification of such important derivatives as temporal summation, perseveration 
of symptoms and acquisition of adaptation effects may be difficult to determine. 

2.5. Diagnosis 

The diagnosis of acute frank motion sickness is so easy that it is not a matter 
of professional concern, but two sor ts of diagnostic problems do exist. One invol
ves criteria to indicate levels of severity ranging from "frank sickness" to the 
point where motion sickness is no longer present. Unfortunately, there has not 
been a systematic attempt to categorize these manifestations as first, second or 
higher order effects, and agreement is lacking with regard to diagnostic criteria. 
The other problem involves chronic motion sickness when there is not a clear 
rela tion between adequate eliciting stimuli and responses. The sopite syndrome 
is readily mistaken for fatigue or boredom unless specifically kep t in mind. 

a. Etiology of Motion Sickness in Orbital Flight 

There are importan t differences in the opinions expressed regarding the etiology 
of motion sickness in orbital flight . At one extreme, zero gravity is regarded as 
a typical motion environment. At the other extreme, motion sickness is likened 
to a "vestibular storm", i.e. symptoms appear spontaneously as in disease states. 
Between these extreme positions a combination of pathological and functional 
etiological factors a re thought to play a role. These differences in opinion have 
practical as well as theoretical implications and will be discussed briefly in the 
light of findings obtained in orbital [13- 15) and parabolic flight [16, 17). 

3.1. Orbital Flight 

Pre-Skylab Findings dealing with motion sickness aloft are summarized in Table 1. 
The US data clearly rule out the vestibula r storm theory as the sole etiological 
factor. The USSR data suggest, but do not prove, that zero gravity should be 

Table 1 
Manned Space Flight Programs 

United States Russia 

Program Number of Incidence of Program 
space pilots motion sickness 

Mercury 6 0 Vostok 
Gemini 10 0 Voskhod 
Apollo Command 25 
Module 

9 Soyuz 

Apollo Lunar 12 0 
Landing 

Number of Incidence of 
space pilots motion sickness 

6 1 
5 3 

13 0 
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regarded as just another motion environment. This conclusion is inferred from 
the absence of motion sickness in Soyuz astronauts, suggesting that ground-based 
training was effective. 
Skylab Findings. Fig. 1 shows [15] that under operational conditions motion 
sickness was experienced aloft by five of the nine astronauts. In the Command 
Module symptoms appeared after approximately 30 minu tes in one astronaut and 
after several hours in two additional astronauts. Symptoms appeared in two astro-
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* PO-PREOOCK SYMPTOMS OF NONE ? SLIGHT MODERATE SEVERE 

MOTION SICKNESS ····················· --- - -

~-SCOPOLAMINE 0.35mg 
0-0EXEORINE (OEXTRO-AMPHETAMINE ) 5.0 mg 

f-PROMETHAZINE 25mg 
E-EPHEORINE 50 mg 

Fig. 1. Time course of motion sickness in five of nine astronauts dtll'ing the orbita l phase of 
Skylab Missions. The horizontal lines reflect two things. Fitst, where the astronauts were 
based dt1ring t he first week in orbit; t he thickness and continuity of the lines indicate the 
onset and prnbable disappearance of symptoms of motion sickness. The vertical lines indicate 

when an antimotion sickness drug was taken and its composition. 

nauts soon after their transition into the workshop where stimulus conditions 
were more stressful. In allfi ve astronauts we are dealing with what might be termed 
chronic motion sickness. 

Table 2 compares the findings in a slow rotation room (SRR) and in the orbital 
phase of Skylab missions. There is much resemblance between stimulus conditions 
in the two environments and, of course, substantial differences. Resemblances 
include the relation between activities that involve head movements or free 
floating activities and the elicitation of motion sickness. The second similar ity 
involves the characteristic time course of the illness in both environments. Two 
differences deserve emphasis. First, the two vestibular organs are affected very 
differently during natu ral activities; the canals are stimulated normally while 
the constant stimulus to the otolith organs due to gravity is abolished. In the 
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SRR the canals are stimulated abnormally (except when turning in the plane of 
rotation) and the linear accelerations combine with the gravitational vector in 
stimulating .the macular receptors in the otolith organs. The second difference 
concerns the potentialities aloft, at once limiting a person's natural movements 
and encouraging unnatural movements, that may result in unusual vestibular 
and visual sensory inputs, whereas, in the SRR, visual cues are familiar. In astro
nauts ex.'})eriencing motion sickness it was demonstrated that (i) vestibular and 
visual inputs played impor tant etiological roles, (ii) that symptoms were rarely 
severe, and (iii) that adaptation was acquired slowly. 

T a ble 2 
Motion Sickness (i\IS) e;,.-perienced in two unique i\Iotion Environments 

Stimulus Conditions 

Transition 
g 

~-- Brief e:q>osme 
2 

"O 8 
c; E Prolonged exposure 
] f; 
0 0 z s 

j 2 
~ ~ 
~ 'd C) 

..... c; P-

~ ~ s 

Eyes open 

Eyes closed 

Genera l activities : 

All stl'essful stimuli 
"on-off". Alternate 
''disturbance-recovery'' 

SRR: Predetermined angu
lar velocity 
Skylab : Command Module 
t o wod rnhop 

Ptogt'ammed adaptation 

Slow Rotation Room (SRR) 

Small change in sensory 
inputs 

No motion sickness 

Ko mot ion sickness 

Motion sickness (except 
when executed in plane of 
rotation) 

Slightly less stressful than 
with eyes open 

Skylab i\Iissions {aloft) 

Significant change in sen
sory inputs 

No motion sickness 
reported 

Available evidence: no 
motion sickness (systematic 
studies not conducted) 

Motion sickness 
(all rotations stressful) 

Significantly less stressful 
than with eyes open 

Natura l movements Few nattual movements 
possible. Unnatural move
ments generate unusual 
stimuli 

Durationof motionsickness: 1Iuch the same as in SRR 
"da.ys" (Self-diagnosis difficult) 

Worst case situation ,vorst case situation 

Highly successful l\Iore difficult than in SRR 
but possible 

Parabolic Flight. Findings in parabolic flight must be included here although 
their simulation of orbital flight is obviously imperfect. A systematic series of 
tests using a procedure similar to that used in the workshop revealed (Fig. 2) that 
a small majority of the subjects were less susceptible than they were on the ground 
and a large minority of the subjects were less susceptible aloft than in p re
flight [17]. Moreover it is well known that persons not experiencing symptoms 
while seated may experience motion sickness under free floating stimulus condi
tions. 
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In summary, there are good reasons to regardstimulusconditionsinzerogravity 
as a motion environment with unique features in which persons not only adapt 
but retain their adaptation , in many instances, for prolonged periods. If there 
is a concomitant etiological factor such as t hat caused by the headward shift 
of body fluids this factor must be relatively unimportant. Systematic studies, 
however, will be required to establish the presence and significance of any such 
additional etiological factors. 

e Mn.A 

o <Mn.A • 

::a MULTIPLE TEST RESULTS 

;· 
I 

OF A SINGLE SUBJECT 

N•74 
SUSCEPTIBILITY 

09>19a 

SUSCEPTIBILITY 

~-
• 

...,.., 
-1?5 -125 -100 -75 -50 -25 0 25 50 · 

fl EQUIVALENT HEAD MOVEMENTS (EHM 19 -EHMog> 

Fig. 2. Range of altered susceptibility among 74 subjects tested in zero g as generated by 
parabolic flight. Theit' susceptibility change is expressed as the diffel'ence between t he number 
of equivalent head movements executed under zero- a.nd earth-gravity conditions, teaching 
the endpoint of malaise IIA, or a limit of head movements imposed by the test conditions. 

4. Antimotion Sickness Drugs 

The efficacy of antimotion sickness drugs may be evaluated in any motion 
environment but i t must be kept in mind that persons may differ in their sus
ceptibility to motion sickness in different motion environmen ts. 

Most of our bioassays for testing the influence of drngs on motion sickness 
have been carried out usi ng a slow rotation room (SRR) in a laboratory setting. 

75 
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In the past, the procedure (described in more detail in (18]) involve (i) the selection 
of subjects, which included not only a comprehensive medical evaluation but 
also assessment of canalicula r and otolith function , (ii) familiarization, (iii) 
generation of stressful stimuli by the execution of standardized head movements 
dLu·ing rotation, (iv) the use of a motion sickness endpoint (or the execution of a 
given number of head movements), (v) administration of drugs and placebos 
using a 10-unit Latin-square design, and a double blind technique. The findings 
indicate not only that some single drugs or drug combinations were more effective 
than other drugs but also that beneficial effects were related to central para-

T a ble 3 
Drugs 1•a.uked in Terms of Percentage Response (in 225 tests) to Usual Doses of 15 Antimotion 

Sickness Drngs administered in Three Experiments 
Weighted I'esponse take account of detrimental effects; one detrimental effect equals two 
inconsequentia l effects. 

Drug Number of Overall Beneficial Effectiveness 
Subjects Unweighted Response Weighted Response 

% Rank % Rank 

P (25 mg) E (25 mg) 12 92 1 92 1 
P (25 mg) E (50 mg) 18 83 2 79 3 
S (0.3 mg) E (25 mg) 11 82 3 82 2 
S (0.6 mg) A (5 mg) 11 73 4 73 4 
S (0.3 mg) 11 64 5 64 5 
S (0.6 mg) 30 63 6 63 6 
S (0.6 mg) A (10 mg) 19 63 6 63 6 
D (50 mg) E (50 mg) 19 63 6 63 6 
D (50 mg) 17 59 7 50 7 
S (0.3 mg) A (5 mg) 22 55 8 50 7 
P (25 mg) 8 50 9 50 7 
E (50 mg) 8 50 9 50 7 
D (50 mg) E (25 mg) 12 42 10 42 8 
A (10 mg) 17 35 11 35 9 
E (25 mg) 10 10 12 10 10 

A= cl-amphetamine sulfate; D = dimenhydrinate; E = ephedrine sulfate; P = prometh
azine hydrochlol'ide; S = l-scopolamine hydl'obromide. 

sympatholytic and sympathomimetic effects (19]. Shortcomings in the method 
were also revealed and it was evident that while the results had validity for groups 
of subjects, this did not apply to the individuals within these groups. 

The changes in the procedure involved substitution of an incremental stress 
profile (20] for a p redetermined constant level of stress, modification of the Latin
square design to provide a better placebo baseline, and distinguishing three 
categories of response : inconsequential, substantially beneficial (hereafter bene
ficial) and substantially detrimental. 

Some of the findings in three experiments (21] arc summarized in Table 3. 
The 15 _drug_s admini~tered are ranked in terms of the percentage of doses (225 
evaluat10ns 1_n 31 subJects) th~t were substantially benefi cial. The weighted res
ponse takes m to account detnrnental effect s ; one detrimental effect is made the 
equivalent of two inconsequential effects. The effi cacy of scopolamine alone or in 
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combinati~n with amphet~mine was an e}..')?ected finding but results involving 
promethazme and ephedrmc were somewhat smprising. The combination pro
methazi~e and ephedrine, 25 mg each, would have reached 100% effectiveness if 
one subJect had executed a few more head movements. This resulted despite the 
fact that, administered as single doses, ephedrine was notably ineffective. In 
com bi nation they may be regarded as homergic drugs manifesting suprasummation. 

There were seven substantially detrimental responses (bold D's in Table 4) in
volving four subjects and four drugs. Only eight beneficial responses were elicited 
in t hese fotll' subjects and subject 3 accounted for half of the total. Indeed, sub
jects 4, 11 and 19 manifested the worst responses among the en tire group; the 
average number of beneficial responses was 4. It is interesting that among subj ect 
3's four best responses, prometbazine (25 mg) plus ephedrine (50 mg) ranked best. 

T ab le 4 
Drugs Involved in Seven Detrimental Responses among 225 Evaluations in 31 Subjects 

Subject B I D* Dimen- Promethazine Scopolamine Scopolamine 
No. hyclrinate (25 mg) (0.3 mg) (0.6mg) 

(50 mg) Ephedrine (50 mg) Amphetamine Amphetamine 
(5 mg) (10 mg) 

3 4 1 2 D - 23% (B - best of D - 17% (I 0% change) 
4 + 54%) 

4 1 5 1 (I+ 3%) (only B response D -25% (I + 9%) 
+58%) 

11 1 3 3 D -27% D - 18% (I 0% change) D - 18% 
19 2 5 1 D -25% (I + 13%) Not ad.m. (I - 13%) 

*B = beneficial I = inconsequential D = detrimental 

Moreover, the fact t hat subject 3 manifested his only inconsequential responses 
when scopolamine (0.6 mg) plus amphetamine (10 mg) was administered, indicated 
t hat the detrimental response with half the dose represented a valid test . The 
responses of subject 4 closely resembled those of subject 3. The responses of 
subject 19 resembled those of subject 11 ; his two beneficial responses (not shown 
in the table) followed the administration of promethazine (25 mg) and the com
bination dimcnhyd rinate (50 mg) plus ephedrine (50 mg). 

The chief conclusion to be cfrawn from the findings in these experiments is that 
there are substantial individual differences in response to some of the best anti
motion sickness remedies available, implying that careful assessment should be 
carried out on an individual basis. 

5. Discussion 

An attempt has been made to demonstrate the resemblance between motion 
sickness in a rotating environment and in a weightless spacecra~t. In the ro~ating 
environmen t not only can motion sickness be prevented by an mcremen tal mtro
duction to the stressful stimuli but also this method of acquiring adaptation 
results with little or no penalty. In other words, t he CNS patterning does not 
render a person suscep tible to symptoms on return t? a s~ationar_y environment; 
indeed the subject is rendered less susceptible to motwn s10lrness m some but not 
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all conveyances provided there has not been too great a decay in the ad aptation 
acquired in the rotating room. 

On transition into orbita l flight t here is much evidence that symptoms of motion 
s ickness may be elicited by activities that stimulate mecha no-receplors in the 
vestibular organs and that visual inputs may a lso play an important etiological 
role. The vestibula r inputs a re unique for, even without moving, the constant 
stimulus due to gravity is absent thus ensuring an unusual input from the m aculat· 
receptor system. After one week in orbit, when the motionsick Skylab astronauts 
had recovered , t hey were less susceptible to the stressful type of canalicula r stimuli 
than pre-flight . Jf the findings using the sam e rotation test in parabolic flight arc 
valid, then it would appear t ha t some persons are more susceptible and some less 
susceptible to motion sickness in zero gravity than on the ground. 

Yet the exposures are too brief to invoke substantial cha rges in endoly mph and 
perilymph. Moreover, the fact that adaptation is acquired and reta ined in zero 
gravity suggests the involvemen t of C JS patterning rather than tempora ry chan
ges in circulation or changes in electrolyte balance. Admittedly, none of these 
a rg uments comple tely rnle out a concomitant unknown secondary etiological 
factor but it would seem to rule out a primary factor. 

The prevention and treatment of motion sickness by means of drngs leaves 
much to be desired. Involved here is not only the selection of a drug used as a 
single dose on an individual basis but the assessment of drug therapy covering 
p eriods m easured in days. 
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10° Head-Down Positions 

ASHTON GRAYBIEL and JAMES R. LACKNER 
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GRAYBIEL, A., and J. R. LACKNER. Comparison of susceptibility 
to motion sickness during rotation at 30 rpm in the Earth
horizontal, 10° head-up, and 10• head-down positions. Aviat. 
Space Environ. Med. 48(1):7-11 , 1977. 

Normal persons rotated about ao Earth-horizontal axis vary 
lo their susceptibility to motion sickness. The purpose of this 
experiment was to measure iotraiodivldual differences in sus
ceptibility in 12 subjects when rotated 10° bead up and 10° 
head down as well as lo the horizontal position. Subjects as
sumed the test-position 60 min prior to rotation, thus providing 
an opportunity for traoslocatloo of body fluids. Physiological and 
psychophysical measurements were conducted throughout the 
experiment. There were no lntraiodivldual differences in sus
ceptibility to motion sickne~ lo the three positions tested, al
though there were significant differences lo vital capacity, dem
onstrating the expected fluid shifts. It was concluded that, lo the 
sample of subjects tested, short-term effects of fluid shifts greater 
than those that would be manifested In zero gravity had no 
definite effect on motion slckne~ susceptibility. 

SOME OF THE ASTRONAUTS and investigators 
associated with the Skylab program ( 1-4) have ex

pressed the opinion that headward shift of body fluids 
was an eliciting factor causing motion sickness in orbit. 
The immediate purpose of the present experiment was 
to evaluate that possibility by comparing intraindividual 
differences in susceptibility to motion sickness during 
rotation with the head horizontal, 10° up, and 10° 
down. The rationale was to use the head-horizontal po
sition as a model for zero gravity, since Patterson (5), 
in discussing the question of changes in the cerebral 
circulation on transition into zero gravity, had concluded 
that cerebral blood flow and blood pressure would prob
ably be much the same as in the Earth-horizontal posi
tion under ground-based conditions. 

From the Naval Aerospace Medical Research Laboratory, 
Pensacola, Fl. Dr. Lackner is also from the Massachusetts Insti
tute of Technology, Cambridge, Ma 02139. 

This study was supported by the National Aeronautics and 
Space Administration, Contract T-59048. 

Opinions or conclusions contained in this report are those of 
the authors and do not necessarily reflect the views or endorse
ment of the Navy Department. 

MATERIALS AND METHODS 
Subjects: Twelve college students 19 to 23 years of 

age participated as paid volunteers. All 12 had passed 
the medical evaluation and indoctrinational test required 
for parabolic flights in the KC-135 aircraft. Otolithic, 
canalicular, and visual functions were normal, based on 
an array of functional tests. Assessments for suscepti
bility to motion sickness in different motion environ
ments had been carried out, but the 12 subjects were 
selected for this study solely on the basis of availability. 

Rotation Device: This device, especially designed for 
use in zero gravity, has been termed the Z-axis recum
bent rotating (ZARR) device and has been described 
elsewhere ( 6). When he is secured in the ZARR, the 
subject's knees are flexed, the amount depending on his 
height. The base of the ZARR can be tilted about a 
horizontal axle, thereby permitting head-up and head
down positioning. With the aid of slip rings, electrical 
contact can be maintained with the subject, allowing a 
variety of physiological and psychophysical tests to be 
carried out during rotation. 

Motion Sickness Ratings: The diagnostic criteria long 
used for measuring severity of acute motion sickness 
were used (7). A motion sickness rating of "12 points" 
in the rating system was chosen as the level for terminat
ing the experimental run. This cut-off point was chosen 
because, although it involves the "nausea syndrome," it 
avoids frank illness including vomiting. All of the sub
jects were experienced in reporting the appropriate symp
toms, e.g., dry mouth, sweaty palms, stomach awareness, 
etc., and were instructed to indicate to the experimenters 
whenever any of these symptoms appeared. In addition, 
every 15 min during the experimental run the subject was 
questioned on a checklist of symptoms and the experi
menters also noted whether the subject exhibited pallor. 

Experimental Design: Each of the 12 subjects par
ticipated in three experiments; namely, with head hori
zontal, 10° head-up, and 10° head-down. The condi
tions were presented in a counterbalanced design so that 
an equal number of subjects had each of the positions 
first, second, and third. Rotation was preceded by ex
posure for 1 h in the test position. The device was then 
accelerated ( 2 ° / s2 ) to 30 rpm and maintained at this 
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velocity for 60 min or until the motion sickness endpoint 
had been reached. 

was obtained; only twice was this necessary. 
Heart Rate: The subject's heart rate was also moni

tored during stages a-d by means of electrocardiographic 
recordings. During measurements of heart rate in the 
ZARR, the subject was on his back facing up. 

Vital Capacity: Measurements (in cubic centimeters) 
of vital capacity were made with a spirometer ("Spiro
tel," Computer Instruments Corp.), which furnished an 
electrical signal that was displayed on a paper-chart re
corder (Hewlett-Packard 7702B). Vital capacity was 
measured at four stages during each experimental ses
sion, a) prerotation with the subject seated in a chair; 
b) prerotation with the subject positioned in the ZARR, 
head facing up, after having been in position for 15 
min ; c) postrotation with the subject positioned head 
facing up in the ZARR; and d) postrotation with the 
subject seated after having been out of the ZARR and 
upright for 15 min. 

Blood Pressure: The subject's blood pressure was 
monitored during the experiment at the same times that 
heart rate was measured. Blood pressure was measured 
with an electronic sphygmomanometer. 

Nystagmograms: The position of the subject's eyes 
was monitored during the experimental procedures by 
means of conventional d. c. electrooculography. Eye 
position was displayed on a heat-writing Transacoustic 
polygraph. 

Four measurements of vital capacity were taken in 
each of the stages a-d, and their average served as the 
vital capacity index for that measurement period. When 
the fou r trials within a stage varied by more than 250 
cc, the measurements were· repeated until consistency 

RESULTS 

Vital Capacity: Table I summarizes the measures of 
vital capacity for each subject in each of the experimen
tal conditions. As can be seen from the table, every sub-

TABLE I. CHANGES IN VITAL CAPACITY (IN CC) ASSOCIATED WITH DIFFERENT BODY 
ORIENTATIONS BEFORE AND AFTER ROTATION. 

Prerotation Postrotation 
Subject Order Seated HU* HH HD Diff HU HH HD Seated Diff 

15 

26 

37 

10 

39 

30 

21 

13 

4 

7 

9 

----------------------------
2 (HH) 4200 3980 220 4010 4210 200 
1 (HU) 4340 4080 260 3990 4320 330 
3 (HD) 4240 3800 440 3800 4250 450 

3 
1 
2 

2 
3 
1 

3 
2 
1 

3 
2 

1 
2 
3 

1 
2 
3 

3 
1 
2 

2 
3 
1 

1 
2 
3 

2 
3 
I 

3 
1 
2 

3920 
3960 
4040 

4440 
4480 
4540 

5600 
5600 
5650 

4550 
4440 
4620 

4140 
4150 
4130 

4020 
3900 
3240 

4300 
4520 
4810 

4500 
4850 
5000 

4950 
4925 
4980 

4900 
5020 
5020 

4820 
4950 
4900 

3750 170 3730 3900 170 
3580 380 3600 3920 320 

3490 550 3540 3960 420 

4160 280 t 4325 
4120 360 t 4460 

4090 450 t t 
5320 280 5360 5640 280 

5150 450 5300 5620/ 320 
5050 600 5050 5750 700 

4390 160 4410 4620 210 
4160 280 4330 4720 390 

4170 450 4130 4580 450 

3960 180 4000 4170 170 
3890 260 4010 4230 220 

3820 310 3750 4060 310 

3300 720 t 3820 
3140 760 3180 3700 520 

2260 980 2020 2780 760 

402S 27S 4050 4700 650 
3920 600 36S0 4675 102S 

4120 690 4100 4850 750 

4100 400 4100 4520 420 
4350 500 4220 4800 580 

4400 600 4420 5000 580 

4650 300 4500 4900 400 
4500 425 4420 5000 580 

4400 580 4340 4980 640 

4740 160 4500 5000 500 
4600 420 4350 4800 450 

4250 770 4020 5000 980 

4380 440 4600 5000 400 
4280 670 4460 5000 540 

4150 750 4080 4920 840 

• HU -= Head up 10°; HH = Head horizontal; HD = Head down 10°. 
t Measurement could not be made because subject was motion sick. 
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ject exhibited a considerable decrement in vital capacity 
pre- and postrotation when tilted from the upright to one 
of the experimental positions. Moreover, every subject 
showed a progressively decreasing vital capacity from his 
10° head-up to his head-horizontal to his I 0° head
down conditions. Accordingly, these conditions reflect 
increasingly large headward displacements of body fluid. 

Heart Rate and Blood Pressure: These measures 
are summarized in Tables II and III. There was a non
significant tendency for heart rate to be depressed and 
for blood pressure to be somewhat elevated when the 
subject was tested in the ZARR pre- and postrotation 
compared with seated upright. 

Nystagmograms: Each subject exhibited nystagmoid 
eye movements of varying durations during rotation; the 
exact character of the nystagmus pattern depended upon 
the orientation of the subject's head with respect to the 
gravitational vertical; e.g., nose pointing up or pointing 
down. A report on these records is in preparation. 

Motion Sickness Ratings: No systematic relationship 
between position of the head (10° head-up, head hori
zontal, 10° head-down) and incidence of motion sick
ness symptomatology was present. 

The results for each subject's experimental trials are 
presented in Table IV. Three of the subjects were symp
tom-free throughout all experimental conditions. One 
subject was symptom-free in all conditions except for 
registering one point in the head-down condition. Of the 
remaining eight subjects, only one was worse in the 
head-down position compared to the head-up and head
horizontal positions. The other seven subjects were either 
less susceptible or equally susceptible in the bead-down 
position. 

DISCUSSION 

The diagnosis of motion sickness is easily made under 
experimental conditions when it is based on the close 
temporal relation between the motion-environment 
stressor and the appearance of typical symptoms. The 
diagnosis under operational or field conditions in zero 
gravity is difficult, not only because the motion en
vironment is unique but also because symptoms of mo
tion sickness are nonspecific; that is, one or more are 
manifested in many other physiological and pathologi
cal states. Skylab findings strongly indicate, if they do 
not prove (8), that zero gravity (prior to adaptation) 
contributes one part and head movements one part to a 
motion environment that is analogous to the motion en
vironment in a rotating room where head movements are 
also essential for eliciting motion sickness. 

The earliest recorded onset of motion sickness after 
transition into orbit happened in the third Skylab mis
sion, when the pilot reported symptoms within minutes. 
This incident occurred in close relation to the pilot's 
activity in doffing his space suit; thereafter, his symp
toms were favorably influenced by restricting activity 
and by taking an antimotion sickness drug. Skylab find
ings also demonstrate that conditions after transition 
into the workshop were more stressful than in the com
mand module, thereby emphasizing the roles played by 
unusual body movements and visual inputs. In brief, 

TABLE II. HEART RATE (BPM) BEFORE AND AFTER 
ROTATION FOR DIFFERENT BODY ORIENTATIONS. 

Subject Order Condition Prerotation Postrotation 

1 2 Head up 10° j6 48 
1 Head horizontal 52 52 
3 Head down 10 • 68 52 

15 3 Head up 10° 56 52 
1 Head horizontal 52 51 
2 Head down 10° 72 68 

26 2 Head up 10° 60 52 
3 Head horizontal 56 60 
1 Head down 10° 52 52 

37 3 Head up 10° 52 48 
2 Head horizontal 56 52 
1 Head down 10° 60 48 

10 1 Head up 10° 68 60 
3 Head horizontal 56 52 
2 Head down 10 ° 60 55 

39 1 Head up 10 ° 64 54 
2 Head horizontal 68 70 
3 Head down 10° 66 64 

30 1 Head up 10° 72 64 
2 Head horizontai 80 64 
3 Head down 10° 84 56 

21 3 Head up 10° 64 64 
1 Head horizontal 64 68 
2 Head down 10° 76 76 

13 2 Head up 10 ° 76 68 
3 Head horizontal 72 68 
1 Head down 10° 76 80 

4 1 Head up 10° 68 68 
2 Head horizontal 64 64 
3 Head down 10° 64 60 

7 2 Head up 10° 48 60 
3 Head horizontal 60 48 
1 Head down 48 60 

9 3 Head up 10° 60 56 
1 Head horizontal 64 64 
2 Head down 10° 64 64 

high susceptibility to motion sickness was demonstrated 
within minutes after transition into orbit, persisted for 
days, but on or after Mission-day 8, all of the astronauts 
were preternaturally insusceptible (9). 

If we accept the evidence that, in zero gravity, we are 
dealing with a motion environment to which some per
sons must adapt, then it is important to distinguish care
fully between two categories of secondary etiological 
factors that may contribute to the elicitation of motion 
sickness in this environment-one directly or indirectly 
exerting its influence via the vestibular system, and one 
having an influence independent of the vestibular system 
but tending to elicit one or more symptoms indistinguish
able from those of motion sickness. 

The present experiment represents an attempt to de
termine whether a headward shift of body fluids con
stitutes a secondary etiological factor falling into either 
of the above categories. Under the stimulus conditions 
employed, no definite evidence for such a secondary role 
was obtained. However, since it may be difficult to detect 
the presence of secondary etiological factors unless their 
influence is substantial, it is necessary to take into ac
count those factors in our experiment that were favorable 
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TABLE Ill CHANGES IN BLOOD PRESSURE (mm Hg) ASSOCIATED WITII 
DIFFERENT BODY ORIENTATIONS BEFORE AND AFTER ROTATION. 

Prerotation Postrotation 
Subject Order Seated HU• HH HD HU HH HD 

1 2 90/70 110/68 138/66 
1 104/66 112/ 74 128/84 
3 122/62 142/74 144/74 

15 3 138/66 128/74 136/74 
1 188/70 120/100 140/72 
2 140/78 132/70 t 

26 2 140/52 130/66 t 
3 118/58 122/68 t 
1 130/60 116/82 t 

37 3 120/74 122/ 72 130/70 
2 140/68 118/62 124/84 
1 136/ 76 140/78 132/84 

10 1 98/74 118/64 122/70 
3 116/68 118/76 122/84 
2 124/68 128/70 124/86 

39 1 132/70 106/68 118/82 
2 124/72 118/68 114/68 
3 132/70 98/60 110/80 

30 1 118/70 98/74 112/78 
2 112/66 114/64 114/84 
3 118/64 112/70 110/76 

21 3 118/50 108/63 116/70 
1 112/62 108/70 128/78 
2 114/58 116/68 114/62 

13 2 118/66 122/68 116/88 
3 122/64 112/68 136/84 
1 116/74 112/72 132/84 

4 1 128/72 128/66 130/70 
2 128/74 120/70 110/68 
3 128/64 118/70 118/80 

7 2 138/70 114/74 114/92 
3 130/70 128/66 126/76 
1 132/74 116/74 150/76 

9 3 124/60 108/60 118/76 
1 130/58 120/62 127/68 
2 128/60 122/62 116/ 76 

• HU - Head up 10°; HH • Head horizontal; HD - Head down 10°. 
t Measurement could not be made because subject was motion sick. 

and those that were unfavorable for revealing differences 
in susceptibility. Favorable factors were: 1) measure
ment of the displacement of body fluid, 2) use of a 
quantifiable stressor, 3) a counterbalanced design for 
the three body positions, and 4) a carefully assessed 
group of 12 subjects. Unfavorable factors were: 1) the 
brief exposure in a given position, 2) the great individual 
variability in susceptibility to motion sickness, and 3) 
lack of measurements reflecting cerebral blood flow, 
cerebral blood pressure, and cerebrospinal fluid pres
sure. 

In a relevant experiment, Kakurin et al. (10) studied 
the effects induced by "antiorthostatic hypokinesia" in 
eight subjects who were kept in bed for 5 d on two oc
casions. Using a cross-over design, four subjects were 
exposed to 0°-tilt and -8° head-down positions and the 
remaining four subjects to -4° and -12° head-down 
positions. They concluded that - 8 ° head down is the 
most suitable model for zero gravity and that hemody
namic changes played the major role in causing a variety 
of disturbances. In all head-down positions most sub-

jects experienced illusory sensations, and some subjects 
reported "mild dizziness and nausea upon abrupt head 
movements"; how long it took before these symptoms 
first appeared is not specified. 

Few measurements have been made in human sub
jects that bear even indirectly upon the changes in 
cerebral circulation in weightlessness. Patterson's (5) 
measurements in one subject indicate that, in the upright 
position on Earth, the intracranial pressure "can be
come subatmospheric," whereas in recumbency it is 
"slightly positive ... as would be expected in weightless
ness." Although persons are accustomed to changes in 
position between recumbency and upright, exposures in 
these positions are usually measured in hours. Patterson 
(5) speculated that long-term exposure to subatmos
pheric intracranial pressure might have significant con
sequences and account for symptoms of motion sickness 
experienced by the astronauts. 

It seems safe to conclude that under the conditions of 
the present experiment, the fluid shifts manifested were 
not a significant factor contributing to the elicitation of 
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TABLE IV. MOTION SICKNESS POINTS AS A FUNCTION OF ELAPSED !ROTATION 
TIME FOR ffiE DIFFERENT EXPERIMENT AL POSITIONS. 

Elapsed Time of Rotation (Min) 
Subject Order Condition 1-10 11-20 21-30 31-40 41-50 51-60 

1 2 Head up 10° 0 0 0 0 0 0 
l Head horizontal 0 0 0 0 0 0 
3 Head down 10° 0 0 0 0 0 0 

15 3 Head up to• 1 1 1 1 1 1 
1 Head horizontal 0 1 4 6 N• abort 47 min 
2 Head down 10° 0 4 5 5 7 N abort 52 

min 

26 2 Head up to• FS• abort 7.5 min 
3 Head horizontal FS abort 3 min 
1 Head down to• 4 FS abort 14 min 

37 3 Head up to• 0 0 0 0 0 1 .. 
2 Head horizontal 0 0 0 0 0 o••• 
1 Head down 10° 0 0 0 0 0 o•• 

10 1 Head up 10° 0 0 0 0 0 0 
3 Head horizontal 0 0 0 0 0 0 
2 Head down 10° 0 0 0 0 0 0 

39 1 Head up to• 0 0 0 0 1 2t 
2 Head horizontal 0 0 0 0 0 0 
3 Head down 10° 0 0 0 0 1 1 

30 1 Head up 10° 1 N abort 13 min 
2 Head horizontal 3 N abort 15 min 
3 Head down to• 3 N abort 13 min 

21 3 Head up to• 0 3 3 9 N abort 34 min 
1 Head horizontal 4 11 N abort 20 min 
2 Head down 10° 0 1 3 7 N abort 40 min 

13 2 Head up 10° 0 1 3 5 s St 
3 Head horizontal 0 0 2 2 N abort 42 min 
1 Head down 10° 0 0 3 4 4 4t 

4 1 Head up 10° 0 0 0 0 0 0 
2 Head horizontal 0 0 0 0 0 0 
3 Head down 10° 0 0 0 0 0 0 

7 2 Head up 10° 0 0 0 0 0 0 
3 Head horizontal 0 0 0 0 0 0 
1 Head down 10° 0 0 0 0 1 1 

9 3 Head up to• 0 0 0 0 0 1••• 
1 Head horizontal 1 l l 2 4 4•• 
2 Head down 10° 2 2 2 4 4 4•• 

• N • nausea; FS • frank sickness. 
• • Dizziness on deceleration. 

••• Dizziness and epigastric awareness on deceleration. 
t Epigastric awareness on deceleration. 

motion sickness. An unqualified rejection of a possible 
etiological role of fluid shifts, however, is not justified. 
Further experimentation employing the ZARR device 
will include prerotation bedrest. 
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of specific experiments wi ll be performed wi th several small animal spec i es ut il izing 
invasive el ectrode recording techniques in order to obtain basic information on sensori 
neural activity. Anatomical and histological procedures will be incl uded in the animal 
studies as needed. Throughout the course of i mp l ement i ng this program of research a 
wide variety of unique hardware devices will be emp loyed which provide required con
trol l ed angu lar and li near acce lerat i ons or which s i mu l ate gravito- inertial alterations 
i n the subject 's perceived environment. Parabolic flight experiments will be included 
to the extent possible. 
14. · Justification: The nervous system demands particular attention in that i t consti 
tutes the controlling mechanisms for human performance and behav ior. That the dynamic 
equi l ibrium of this and related mech anisms can be seriously disturbed has been dramat
ically demonstrated during previ ous space flight missions during which crewme n experi 
enced symptoms of motion sickness . Sue~ disturbances have affected crew health and 
performance and have impacted miss ion t imelines and operat ional objectives. The nature 
of Shutt le missions demands that past difficulties be a~oided, i f at all possible . It 
i s imperative that neurophysiological function, and al l of its ramificati ons, not be 
impaired by exposure t o any of the stresses which are experienced during the course of 
a manned mission. In vi ew of specif ic prob l ems which occurred dur i ng Skyl ab missi ons 
and their impli cations for the success of future Shuttle mi ssions, primary attention 
wi ll be gi ven to the careful, investigation of those neurosensory and relat ed physio
log ical mechanisms bel i eved to be assoc i ated with the 0-g motion sickness syndrome. Wit~ 
regard to space motion sickness, problems which have been i dentif ied and amplified -by 
Sky l ab may be assigned _to four major categories: 

a. Availab le informat i on i s inadequate to explain the causes or underlying 
mechanisms of the space motion sickness syndrome . 

b. Techniques for re li ably identifying individuals who are susceptible to space 
motion s i ckness are l acking. In this regard, i t i s· noteworthy that none of the pre 
flight test data obtained on the Skylab astronauts correlated in any fash ion wi th the 
actual occurrence of i nflight. symptoms. 

c. Techni ques for effect ively prevent ing the occurrence of this syndrome in 0-g 
are l acking . For example , although very limi t ed in scope , at t empts to pre-h abi t uate 
the Sky l ab crewmen by rotating cha i r and/or T-38 aerobatic exposures were not visibly 
useful. Also the use of ant i-mot i on sickness drugs was less than satisfactory in pre
venting symptoms inflight. 
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14. Justificat ion (con 1 t) · I 
d. Techni ques fo r effecti ve ly treat i ng i nf li ght symptomatology are current ly 

i nadequate. In th i s regard, t he use of anti -mot ion dru~s by crewmen with symptoms had 
l imi ted therapeut i c value . Also, li tt l e definitive information is avai l able concerning 
processes inherent in the purposefu l acc~ lerat i on of adciptat ion to we i ght lessness . 

I 

It must be clear ly recogn i zed t hat t he overall problem of space mot i on sickness is 
extremely complex and i n many ways bound to a very specific stimulus condition, i .e . , 
weightless space f li ght. Thus research conducted pr ior to the institution of this RTOP 
may be on ly marg i na lly appl i cable to the problem of space motion sickn~ss and sensory 
adaptat ion to 0-g. New and unique approaches must be pursued if required so l uti ons are 
to be deve l oped . 
15 . Operating Pl an: 

a. Technical Objectives: The technical object i ves or goals of the research pro
gram defined by th is RTOP are derived pr imar i ly from the above stated problems. First, 
a broad-based program of ground based studies, with human and animals, wil l be under
taken which has as i ts goal t he eluci dation of mechan i sms underlyi ng the mot ion sicknes• 
syndrome in 0- g, the development of t echniques for re l iably pred i cting on an individual 
basis who is prone to thi s probl em in 0-g and, fin ally, the deve lopment of effective 
countermeasures. Of necess i ty, work in each of these areas must proceed in parallel. 

Secondly, human and animal experiments designed to acquire basic i nformat ion and 
validate the r esu lt~ of the ground based.studies wi ll be defined for potential applica
tion to future f l ight programs. 

Thirdly, advanced instrumentat ion and measurement t echn iques required to support 
the ground based research and f light experiments will be defined and developed as 
required . 

b. Approach : 
Ground-Based Research With Man - With regard to the goal of e l uci dating mechan 

i sms underlying space mot ion sickness, a comprehensive and integrated program of stud ie• 
will be des i gned to invest igate a number of processes which are suspected of having 
direct or indirect etiologica l sign i ficance . Paramount among these will be studies 
which examine the theory of sensory confus ion or sensory conflict as it may relate to 
the product ion of motion sickness i n t he novel space f1ight environment . Included will 
be investigations of can al-otoli th sensory mi sintegration or conflict, visual-vestibu l a1 
conflict and sensory conf lict invol ving propriocept i ve or ki nesthetic mechan isms . 
Throughout the course of these stud ies, emphasis will be pl aced on motion s ickness 
resul ting from altered oto lithi c stimulat ion. Studi es of sensory adaptation and transf1 r 
of adaptation from one mot ion env ironment to another will be performed as a means of 
i nvestigating sensory conflict and mot ion s ickness . Stimulus dev ices to be used in thes, 
studies will include centrifuges , rotat i ng rooms and chairs, linear accelerators, 
hor i zontal axis rotators, parallel swings , balancing pl atforms (and rails), optok i netic 
nystagmus drums, ciner ama , and other dev ices which permit canicular as wel l as otolithi , 
stimulation . Response parameters wi l l i nclude, but not be limited to the measurement of 
susceptibility to mot ion s ickness , nystagmus , ocu l ar counterrol l ing, postural reflexes, 
electromyography, and various subj ective r:eactions. New quantitative response me asure
ment techniques must al so be deve l oped . A second approach to the elucidation of under
lying mechan i sms will be to i nvestigate body fluid shifts and vest ibular function. 
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Studies with humans wi ll include measurements of vestibular sensitivity or r esponsivity 
(e.g., via nystagmography) during exposure to he.ad down t i lt . A t hird approach wi ll be 
to determine the poss ibl e relationsh ip between biochemi ca l factors and 0-g s i ckness. 
A fo urth approach wil l be to investigate neurqphysiological correlates of space motion 
s i ckness. Finally, studies will be performed to determi ne the ro le of idosyncratic 
psychophysiologica l or behavfor re.sµonses to the 0-g environment as a causal factor . 
The aim of the approach would be to isol ate , if pos~ible, traits associated with motion 
s ickness susceptibility . 
With reg ard to the development of predictive techniques, or crew select ion criteria , a 
major approach to be pursued, at least initial ly, will be to attempt to establJsh mean 
ingful corre l ations between suscept ibili ty to motion sickness and other measurable 
responses inc luding: 1) post-rotary vest i bular responses, 2) ocular counterrolling, 
3) spinal reflexes and 4) possible biochemi ca l factors. Also carefully designed and 
conducted experi ments during parabolic flight will be required to validate t olerance 
to parabolic fli ght stresses as a predictor of suscept i bility to motion sickness in -0-g 
With regard to the development of countermeasures, two major approaches will be pursued 
One approach will be a series of experiments dea ling wi th adaptation to motion environ
ments , the ultimate goal be ing the deve lopment of vest ibular tra ining or habituation . 
procedures. Specifically, the rate of acquisi t ion and decay of adequate effects and thd 
value of overadaptat ion and transfer effects will be invest igated using s low rotat ion 
rooms and other stimuiat ion devices. Individual vari at ions typically observed in these 
adaptation parameters will be analyzed with a view toward predicting adaptation behavi o1 
in 0-g on the basis of behav ior in othe~ mot ion environments , including the we ightless 
ph ase of parabolic flight. · 
A second major approach to developing countermeasures will be an exhaustive series of 
experiments to evaluate the effdcacy and s ide-effects of anti-motion sickness drugs . 
Both single and repeated doses of all avail ab le drugs will be tested on large groups ~f 
calibrated subjects. Side-effects to be evaluated will include: performance, sensory~ -
function, and vital physio logical function alterations (e .g., heart r ate and blood · 
pressure ). All of these drugs stud i es will be performed with a view toward selecting 
drugs opt imally suited to the individual. Finally, other novel approaches to develop
ing countermeasures wi l l be attempt ed. Included will be a study using biofeedback .t ech 
niques to train human subjects to control one or more of their autonomic responses and, 
thereby , avoid the deb ilitat ing effects · of mot i on sickness. 

Ground-Based Research with An imals - Neurosphysio l gica\, behavioral, anatomical, 
and hi stologica l studies of the vestibular, proprioceptive and visual systems of ani ma l· 
will be directed toward underst anding mechanisms of mot ion sickness in man. Invest i ga
tions with animals wi ll offer dist i nct advantages . Large numbers of subjects can be 
t ested and more important ly invasive procedures can be utili zed. Thus, studies wi ll 
be conducted in which the vestibular appartus of diff~rent species will be modified by 
various surg i cal, chemical, or mechanica l methods and neural responses directly recorde 
with electrodes. Again considerab l e emphas i s will be pl aced upon i nvestigating the 
responses of normal and treated animals exposed to different sensory conflict situat ion 
Parabolic flights will be conducted with severa l spec i es to attempt to analyze transien 
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wei ght less phenomena and to further examJne t he val id i ty ~f parabo li c flight as a t est 
bed for meas ure ing otolith and other rel ated neural acti v~ty dur ing zero grav ity. 
Cross hab i t uat i on studi es will be carri ed out incl ud ing behav ioral and neurophysio l o
gi cal stud ies at var ious st ages during the hab ituat ion process. f i nal ly, hi ghly speci 
fic invas ive t echni ques will be used t o invest i gate discrete f unct ions which cannot be 
st udied i n the intact human . Inc l uded will be studies t o dire.ctly measure intralaby
rinth ine an d i ntracrania l flui d pressure under var i ous condi t i ons . Al so i ncluded 111ill 
be stud i es t o determine the s i te of act i on of anti -mot i on s i ckness drugs and studies 
t o determine if per i pher al neur al responses can be favorcJ!} ly alter.ed ~'l i th drug.s . These 
ground-based an imal st ud ies wil l be des i gned not on ly t o comp lement the human _research, 
but al so to answer f undamenta l quest i ons concern i ng vestibular phys iology and to define 
r equ i rements for flight exper iments with animals . 

Fli ght Exper iment wi th Man - Fli ght experiments with man shou l d fall under two 
major categro ies. The f irst maj or ser ies of experimen t s should be designed to provide 
the f i nal vali dat ion of t echn iques for the pred i ct ion , p~event ion , and treatment of 
space mot ion s i ckness . These exper iments assume that i t wil l be poss i ble to assign 
crewmen and passengers to control and experi mental groups. The l at ter would be selectetl 
on the basis of def i ned cr i ter i a and exposed t o vari ous pre-habituation procedures and 
drugs which evolved from the ground-based research progr a.!!1 . These ind i vidlials would 
then be observed inflight and postflight to detect the presence (or absence) and degree 
of motion s i ckness symptomato logy . The measurement techniques that shou l d be employed , 
especial ly i nflight techn iques, should be s imple and bri ef . This experimental series 
wou l d. undoubtedly shed some l ight on mechan i sms under lyi ng mot ion sickness in man, but 
wou l d lack the precision and deta i l required to obtain data fundamental to a comp lete 
understand i ng of underlyi ng mechan i sms . Other experiment s uti l izing specialized hard
ware and soph i sticated measurement procedures wou ld be f equired . 
Experiments i n th i s second category shou l d fo cus on the pre - , and in- , and postflight 
assessment of oto l ithic, canicula~ proprioceptive , and neuro-muscular re sponses . These 
experiments should be des i gned in l arge part to determine the rate with wh ich these 
sensory systems adapt to 0-g and re - adapt to 1-g. Part i cular attention should be given 
to the quant i tat i ve evaluation of those responses generated by or influenced by the 
otol i ths . The var i ety of tests wh i ch cou l d be performed pre- and postf l ight is fajrly 
extensive, however , because many ground-based test dev i ces and measurement procedures 
wi l l not be appropr i ate for use in the we i ghtless Space l ab , the types of tests that can 
be performed inflight wil l be more restricted. It wil l be necessary to develop new 
measurement hardware and procedures wh i ch wou l d enabl~ more deta i led infl i ght analysis 
of oto l i t h as we ll as canicular and propriocept i ve ref l exes . With regard to the fluid 
shi ft hypothes i s, space f li ght testing should invo l ve spec i al cardiovascular and fluid 
bal ance exper iments- an d other speci al measurements of alter ations in cephal i c blood 
supp ly. Also more detailed analysis of neurolog ical and biochemi cal changes should be 
performed i n a manner wh i ch all ows carefu l comparison wi th the t ime course an~ type of 
mot i on s i ckness symptomato logy . · · 
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Fli ght Exper iments with Anima l s - In order to acqu i re neurophysio log i cal. data 
fun damental to understand ing mechan i sms of space mot ion s i ckness in man and sensory 
adaptat ion to 0-g in genera l, a seri es of animal experiments should be developed f or 
Spacelab . These experi ments shou l d be l og i cal ly derived from the ground-based animal 
rese arch program. Also an attempt should be made t o deve lop many of the i nflight ani 
ma l experiments i n parall el with the human f li ght exper iments so that specific informa
tion unobtainab l e from humans can be acqu i red from ani ma ls via the use of invasive 
measurement techniques. 

One bas ic approach to t he devel opment of a we ll def i ned series of fl i ght experi ments 
wi th animals would be to f irst identify a few species which have a we ll developed and 
eas i ly measured mot ion s i.ckness syndrome in 1-g. These species would then be observed 
and tested infli ght without invasive techniques, to see which best represents man in 
terms of motion sickness and sensory adaptation difficulties in 0-g. Hav i ng selected 
one or two such species further detailed experiments would be developed using invasive 
techniques. Included wou l d be studies i n which var ious portions of the vestibular sys
tem have been modified (e.g., by surgery) i n an attempt to isolate the responsible sen
sory channe ls. In both treated and non-treated an imals , classical neurophysiolog i cal 
techniques should be employed to record neura l act i vity from .var ious sites in the per i
pheral and central nervous system. Pend ing the outcome of certai n of the ground-based 
studies with an imal s , other specific inflight experiments could be developed . For i 
example, one or a series of studies cou ld be required to unequivocally prove or disprovE 
the rol e of fluid pressure changes in space motion si ckness . 

The above statements regarding flight exper iments wi th man and anima l s are examp l es of 
the type of research that should foll ow ground based studies in order to bring the spaci 
motion s ickness program to a logica l and complete conc lusi on . The solicitation, reviev1, 
approval, funding and development of such experiments will be handled by other methods 
outside the scope of this RTOP . 

Hardware and New Technology Deve lopment - A vast array of unique and sophisti 
cated hardware devices and measurement techniques are required to implement the rese arc~ 
outlined by this RTOP. The ground-based devices required for exposing both man and ani 
mals to a wide range of controlled stimulus conditions which effect the vesti bul ar , 
visual , proprioceptive, neuromuscular, and other related neurophysiological processes . 
are largely avai l able . A major shortcomin g, however, with research technology for ·humar 
vestibul ar physiology is the heavy reliance of subjective report ing from the subject. 
A concerted attempt must be made to develop new quantitative response measurement and 
analysis techniques. 

A greater challenge ·v1ill lie in the deve lopment of flight hardware systems and 0-g 
compatible response measurement and analys i s techniques for both man and ani mals . With 
regard to inflight experiments wi th m~n, devices wh i ch provide control led angular 
(rotat ing or torsion swing chair.) and l i near (hor izonta l oscillator) accelerations 
should be avai l ab le . Many of the same advanced res ponse measurement techniques ·develope< 
for ground-based studies should be adapted for i nflight use . · 
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Hardware and New Techho l ogy (con ' t) 

. I.PAGE OF 

With r egard t o ani mal s, a smal l centrifuge and linear acceleration dev ice ·should be 
available on the Space l ab . Again advanced electrophys iologica l measurement, record ing , 
and analysis techniques i,,iill be. developed. A host of ;technological problems rang ing 
from an imal maintenance facilit·ies · to RF. and vibration ·i solat ion of instrumented 
preparations must be dealt with i n the context of res.earch i n the area of vesti bu l ar 
physio logy. 

Mi lestone Schedule : 

16. Revi ew and Reporti_ng 

a. Progre ss Report 

Progress report are incl uded wi th each of the T-41 task descri pt ions . 
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1. DAl l. '' HLl'/\ftll1 

RESEARCH AND TECHNOLOGY RESUME 20 Apr il 77 
::l . TITLE 3. NUM0LR/ CODE 

The Prevent ion of Vestibular Side Effects in --·- , - , ---- -
a . PROPOSAL t. , CURRENT 

Weightl essness . " . , 199-05-01 -0l 
4. PEnFOHMING ORGANIZATION 5. CONTHACT/GR ANT NO. 

Nava l Aerospace Med ical Research Laboratory T-9140E 
Pensaco l a, Florida 32512 6. DATE 

a. START ING o. ANNIVERSA RY 

.. 1 Jan 77 1 Jan 78 
·-

?- INVESTIGATOR'S N AM E I T !: L . NO. MANPOWER (MYJ - FUNDING //n K J 

A. Grayb iel {904)452-325S FI SCAL STAnJS IN R / O TOTAL S/C IMS ----- Yl:J\R K OUSE 
8 . NASA AL T. T ECH M ON I TOR'S NAME I TEL. NO. ~- h. C. ti. C. f. 

N/A 10, PRIOR C 0 0 250 250 
9. INSTI TUTI ON CATEGORY CODE 11. CURREN,T 'C 0 0 au 220 

OT 12. BUDGE T C u 0 i:'.UU 200 
13. DESC RIPTION /n. llri<'{ .,tat,·mer, t on slrn tc11y of i nva,ti11ation; b. Pru;;r ess and accomplishmenl• of priu r year; c. Wh o / wilt be accomplished 

th is )'('Of, as u•l'/1.us lw1u and why ; and d. Sunim<>ry bibliogropl,y) 

a. Strategy - The bas ic strategy is to deve lop and validate acceptable techniques 
for the pred i ction, prevention and treatment of vestibular side effects, notab ly 
motion sickness , caused by exposure to stressfu l grav ito- inertial force env i ronments 
i ncluding zero gravity . 

b. Progress - Accomp lishmen ts during past year i nc lude : 1) Measurements of suscep-
tibili ty to motion s i ckness in about 25 subjects during free-fall phase of parabo-
li e fli ght {KC-135) with head fixed and head mov ing wh il e seated an d while rotating 
at 30 RPM . 2) Study us ing ZARR dev i ce in whi ch headward sh ifts of body flu i d did 
not alter moti on sickness suscept ibility. 3) Drug stud ies us i ng SRR and KC- 135 v1h i ch 
indi cated scopo lamine admini stered transdermully a~d orr.l promethazine/ephedrine 
{1 2. 5 mg. each) as best prospects f or long term use . 4) Drug studies using KC- 135 
indi cating hi gh efficacy of promethaz ine i njected I.M . i n dea ling with severe, acute 
mot i on sickness. 5) Stud i es t o determine variables in the rate of acqu i sition of 
adaptation , transfer of overad aptation in the lab to the zero-g phase of parabol i c 
fli ght and rate of r ecovery fr om acute·motion sickness . 

c . Pl anned Tasks - l. Cont i nued studies to identify. in var ious test si tuat ions 
efficacious ant i -mot ion si ckness (AMS ) drugs with emphasis on drug type·, dose level 
and route of administration . 2. Cont inued investigat ion of rate of acquisit i on of 
adaptat ion using a nevi pass ive head movement (P HM) dev i ce and transfer of adaptat ion 
to other stressfu l environments . 3. Continued investigations of recovery from 
acute motion sickness. 4. Furt her exper imentation emp loying ZARR dev i ce , i nclud i ng 
pre-bedrest (2 hours ) to determine whether pro longed headward di splacement of body 
f t uids inf l uences susceptib ili ty. 5. Contin ued use of parabo li c fligh t t o evaluate 
mot ion s i ckness suscept ibili ty and AMS drug efficacy , if KC- 135 ai rcraft i s avail -
ab l e for use. -

d. Bib l iogr a12h.l'. - l. Graybi el, A. and M"iller, E. F. 1976. AZ-axis recumbant ro-
t ating dev i ce for use in parabolic f li ght. Av i at . Si2ace Environ. Med . 47 , 893 . 
2. Graybi e 1, A. and Knepton, J . 1976 . Sopite syndrome : A somet i nes sole man ifesta-
t ion of motion sickness . Avi at . SQace Env i ron . Med. 873-882 . -- -
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3. Graybiel, A., Knepton. J ., and Shaw, J. 1976. Pr~vention of experimental 
motion sickness by scopolamine absorbed through the s~in. Aviat. Space Environ . 
Med., 1096-1100. I 
4. Graybiel, A. and Lackner, J. R. 1977. Comparison of suscestibility to mot~on 
sickness during rotation at 30 RPM in the earth-horizontal, 10 head-up and 10 
head-down positions. Aviat. Space Environ. Med. 7-11. \ 

5. Graybiel, A. and Knepton , J. 1977. 
for the prevention of motion sickness. 

Evaluation of a new ahti-nauseant drug 
In press. I 

' 
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RESEARCH AND TECHNOLOGY RESUME 20 Apr il 77 
~- TIT LE Neurophys i ol og ical Corre l ates of Space 

J . NUMBE.R/CODE 
------··-

-r ;·g;~;;~OTl -0~-
a . PROPOSAL 

Mot ion Si ckness 
4. PERFOHMING ORGANIZATION 5. CONTA.ACT/GRANT NO. 

Method ist Hosp ita l NAS9- l3870 
Texas Med i ca l Center 6. DATE 
Hou ston, · Texas 77025 , a. STARTING o. ANNIVERSARY 

. . 15 Feb 74 l Sep 77 
7. I NVE:STIGATOR'S NAM E I T E L. N O. MANPOWER /MY I . FUNDING (In Ki 

J . D. Fros t, Jr. (713)790- 310 1 FISCAL STA1US IN· 
Y EAR H OUSE SIC IMS RID TOTAL 

8. NASA ALT. TEC H MONI TOR'S NAM E I T E L. N O. ~- h. C. tl. C. f. 

N/A 10 . P RIOR C 0 0 40 40 
9. INSTI T UTION CATEGORY CODE 11. CURRENT C 0 0 ~u t>U 

UM 12. BUDGET C 0 u 50 50-
1 J. DESCRIPTION (n. /Jricf &tatcment on str«lel{y of i11ueat igation; b. Progress and 11ccomplishmen18 of p}ior year: c. \Vhot will be accomplished 

thi• year. as wl'lt a• how und 1ui1y; and d . Summur,y bibliography) 

a. Strategy - Th i s effort wi ~l ut ili ze computerized EEG and other neurologi~al 
meas urement t echni ques t o assess pos si ble mechan isms under lying space motion s i ck-
ness, as we 11 as vestibular and Aeuromuscular alterations induced by exposure to 
zero- g. 

b. Pr ogress - Fi na l computer analys i s of Skyl ab EEG data conf irmed the presence of 
potent i al ly s i gn i ficant al terations 'in cort i ca l electr i cal act ivity i n the crewmen 
t ested . These findings could not be exp l ai ned satisfactori ly by met abol i c or drug 
i nduced changes or psycho log i ca l factors. I t was conc l uded that we i ghtlessness per 
se was responsible for at least part of th i s change . \,./hi le vestibu l ar influences 
on EEG cou l d not be ruled out er.tirely , the investigator hypothes i zed that intra-
cr an i al endema result ing from body fluid shifts may be the cause of the EEG alter a-
t i ons and in turn have a bearing on the express i on of motion s i ckness symptomatology. 
Addit i onally, EEG data were obta ined on 2 subjects dur i ng a 28 day bedrest study . 
Preli mi nary data ana lys i s indicate moderate changes which were not li ke those ob-
served dur i ng Skyl ab. .• 

c . Planned Tasks - A ben i gn intracran i al hypertension model wil l be used . Th i s 
mode l will permi t ana lysis of EEG i n0patients who present signs and symptoms of 
r ai sed intracranial flu i d pressure , but without evidence of intracranial pathology 
or ventricu l ar dilation . EEG and other neurolog i cal data wi 11 be obtained from 
pat ients dur ing the acute and recovery phases of t his syndrome , as \'Je 11 as in person~ 
express i ng signs and symptoms of vestibular dysfunction. Also, using a tr i axia l 
vector acce l erometry, technique, measurements wi ll be obtained i n these individuals 
to quant i fy any neuro-muscu l ar di sturbances (atax i a) wh i ch may accompany intracran-
i al pressure or vest i bu l ar alterations . Similar data wi l l be obtai ned from normal 
persons exposed to vest i bu l ar stimu l at ion. 

d. Bi bl iograeht - Frost , J. D. Automated EEG System and EEG correlates of space 
mot i on s i ckness . Fin al report, Contract NAS9-1 3870, Feb ., 1977 . 
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1 . DA fl f'Ht_f'/',111 r, 
NATIONAL AERONAUTICS AND SPACE. AOMIN I STHATION 

RESEARCH AND TECHNOLOGY RESUME -20 Apr i l. 77 
2. TI TLE J . N UMUL A / CODE 

Mechanisms Underlying Motion Sickness in Man ~---·- i -·---·- -
a . PROPOSAL t, . CURRENT 

199-05-01-03 
4. PERFORMING ORGANIZATION 5. CONTRACT/ GRANT NO. 

Neurophysio logy Laboratory In-House 
NASA - Johnson Space Center 6. DO.TE 

' 
a . STARTING b. ANNIVERSARY 

l Oct 74 l Oct 77 .. 
7. INVESTIGA T OR·s N AME I TE L .NO. MANPOWER (M Y) FUNDING (lri Ki ·---
J .L. Hornick & M.F .Reschke 483-5056 FISCAL STATUS IN · 

YEAR S/C IMS R/D TOTAL 

8 . NAS A ALT. TECH MON ITOR'S NAME I TE L. NO. 

HO U SE 

~- h. C. <l. C. f. 

N/A 10. P R I OR C l. 5 0 0 50 50 
9. INSTITUTION CATEGORY CODE 11 . CURRENT C I. !:l . 8 304 -SU 354 

FC 12. RUDGE T C 1. 5 8 .:SUlJ. 5U J!:,4 
1 J. D E SC Al PT ION tn. IJri.-( stalcm enl on ,trntc11y o f i111:c,tigclion; b. Pro11r ess and accomp l ishmen/s of µrior year; c. Whal w i lt be accomplished 

tJ1i.-. year. as u•,•11 us how and why; and d. Sununnry bibliography} 

a. Strateg.}:'. - The bas ic strategy i s to investigate several neurosensory processes 
which have potenti al etiologi ca l s.i gnif i cance for the space mot ion s i ckness ,syndrome 
Related efforts are the identification and eva luation of factors wh i ch may have pre-
dict i ve value for this syndrome and the evaluat ion of selected countermeasures . 

b. Protress - l) Methods for the acqu·i s i t ion and computer analys i s of vestibulo-
spinalH-ref l ex ) responses were refined. Data were collected on human subjects in 
the laboratory and duri ng parabolic f li ght . Fli ght data indicated a pot entiat ion 
of the ~-response dur ing the 0-g ph ase of parabo l as and an i nhibi tion of the re-
sponse duri ng the hyper-g phase. These activities and find ing prov i ded the bas is 
for a Space i ab I exper iment proposal. 2) Techn i ques developed . +h l aboratory for 1 n .... ,.e 
recording from s i ngle oto lith units in the 8th nerve in frogs were i ncorporated in-
to an exper iment for SMD test I II, schedul ed for May 1977. 3) Using a computer con-
troll ed rotating chair , new procedures were deve l oped for the acquis i tion of per-
and post-rotary sensat i on and nystagmus responses (cupulogr ams ). Assessments of the 
value of th i s procedure for evaluatin~ vestibu l ar function are continui ng. 4) Ves-
t i bular data were obta ined on 6 subjects before and after a 28-day bedrest study. 
Results indicated bedrest is not a suitable ana l og of. 0- g with regard to vestibular 
fun ction . 
c. Pl anned Tasks - Wi t h reg ard to et i ology, s ingle cell recording me t hods and non-
invasive electrophysiolog ical or psychophys i ca l procedures wil l be used with smal l 
an ima l s and man respectively to study sensory i nteract ion processes . Also , the 
rel at ionsh ip between body fluid sh i fts and vest ibul ar funct ion in man 1vill be exam-
ined. Effo rts to ident ify etiological , as well as , predictive factors will focus 
on the correlation between motion sickness susceptib il ity and other measurab le -
ves tibular re l ated re sponses including l ) post-rotary responses and 2) vesti bul o-
sp in al reflexes. With regard to countermeasures, limited as sessments of the ac-
quisition and transfer of vest ibu lar adaptation will be made. Unique experiments 
which address spe~if i c aspects of the above tas~s wi ll be done in parabolic flight . 

d. Bi bliogra~h.i'. - l. Reschke, M. F. ' Anderson, D. J.' Moore , M. J. and Horni ck, 
J. L. Vestibular-spinal responses as a funct ion of zero-g. Presented at Soci ety 
for Neuroscience, Toronto, Canada, November, 1976. 
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2. Horn i ck, J. L;, Reschke, M. F., Moore, M. J. and Anderson, D. J. The effects 
of 28- aays supine bedrest on vest i bu l ar system function . In : Report of 28-Day 
Bedrest Simu l ation of Skylab. Methodi st Hospit al, Contract NAS9-14578, December 
1976. 
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·RESEARCH AND TECHNOLOGY RESUME ' 20 April 77 
2. TITLE J . NUM0I. A/COD E 

Intra-Labyrinthine Fluid Pressure Dynamics ~--- ·r - ------ -a . PROPOSAL t. . CURRENT 

199-05-01 -04 
4. PERFORM ING ORGANIZATION 5. CONT·RACT/GRANT NO. 

Department of Psycho l ogy NAS9- 14538 
Mi ami Univers i ty .. 6 . DATE 

Oxford, Ohio 45051 a. STARTING b. ANN I VERSARY 
.. 15 Feb 75 l Apr 78 

·-
7 . INVESTIGATOR'S NAME I TEL. NO. MANPOWER /MY) FUNDING /In KJ 

D. E. Parker (513)529-3116 FISCAL -
SfAlVS IN· 

YEAR H OUSE SIC IMS R/O TOTAL 

8 . NASA ALT. TECH MONITOR'S NAME I TEL. NO. a. I>. C. u. c. f. 

N/A 10. PRIOR C 0 0 24 24 
9. INSTITUTION CATEGORY CODE 11 . CURRENT C 0 C 25 25 

12. BUDGE T C 0 0 25 ?!=i 
I J . DESC RIPTION /n. /lril'{ sla /~m~nt on s/rclc11y of i11ve.Cigalion; b. Prugreu and accomplislimenl& of priur year: c. What will be accomplished 

this year. as w<'II 01 how mid why; and d. Summary bibliography) 

a. Strategy - The essent i al strategy of this effort is to examine a possible mechan 
i sm of space motion s i ckness, spec ifically the rel at ionship between l abyrinthine 
fluid pressure and acute redistribution of body fluids. Additionally, vestibular 
(otolith) fatigue following sustained linear acceleration wi ll be investigated i n 
an attempt to better understand otolith re~ponse dynamics in 0-g . 
b. Progress - A series of exper iments wi th guinea pigs and monkeys demonstrated 
that CSF and peril ymph fluid pressures change rapidly follow ing si mu l ated zero- g 
(torso elevation) and that there i s no apparent di vergence .of pres sures at these 
locations during stimulat ion. Similar measurements on guinea pi gs dur i ng parabolic 
fligh t were inconclusive . The data to date do not support a fluid shift hypothesis 
of 0-g sickness, however, critical measurements of endolymph pressure have yet to be 
made . A separate series of experiments demonstrated a clear temporary threshold 
shift in linear mot ion detection following l inear acceleration. Th i s is a funda-
menta l and previous ly unobserved re sponse property of the oto li th receptors . 

. • 

c. Planned Tasks - 1) An attempt wil l be made to develop a reliable method for re-
cording endolymph f luid pressure in gu inea pigs. Endo lymph, perilymph and CSF pres -
sure wi 11 be measured in guinea pigs dur ing simulated zero-gas well as· parabo 1 i c 
fli ght. 2) Inner ear impedence measurements dur ing head do1tm t ilt will be made in 
humans as a further means of examining the relationsh ip between fluid shifts and 
l abyrinthine function . 3) Three exper iments re lated to otol i th fati gue following 
sustai ned l inear acceleration will be undertaken . The first will deal wi th effects 
of body orientation, and the second wi th the effects of l ong duration fatigue ex-
posure . Finally, the possibi li ty that sustained li near accel erat ion mod ifies os-
cill at ion detection thresholds wi ll be investigated . 
d. Bibliograehy - l. Parker, D. E. Labyr inth ine and cerebra l spinal fluid pres-
sure changes i n gu inea pigs and monkeys during simulated zero-g . Aviat . Seace 
Env i ron . Med . , i n_press. 
2. Parker , D. E. ,L itt l ef ie l d, V. M. , Gu ll edge, W. L. and Tub li s. Vestibular fat i -
gue fo ll owing intense, osc illating ·linear acce lerat i on . In preparat ion. 
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:/. TITLE 

Semicircular Canal and Otolith Interaction 
Processes 

4 . PERFORMIN(j ORGANIZATION 

Department of Otorhinolaryngology 
Baylor Co llege of Medicine 
Houston, Tex as 77025 . 

I . J . NUMULR/ CODE 

1 7.PRo-iosA L · [ '·· cuRAENT -

I 199-05-01-05 
5. CONTRACT / GH/\Nl' NO. 

I NAS9-14546 

1
1-------6~0-A_T_E _____ _ 

a. STARTING b. ANNIVERSARY 
I l May 75 1 May 78 1--------------.-----....-----..-.-----r---~--"'-T---~-~~---

ITEL.NO. 7 . INVESTIG/\TOR"S NAME MANPOWER (MYJ FUNDING (In K J 

M. Igarashi (71 3)790-4678 FISCAL -· 
STATUS IN · 

YEAR HOUSE , SIC IMS 

8 NASA ALT. TECH MONITOR"S NAME I TEL. NO. "· h. C. d . 

R/0 TOTAL 

t:. f. 

N/A 10. PRIOR C 0 0 ii:; ic:; 
9. I N STITUTI O N CATEGORY CODE 11 . CURRENT C 0 n 

UM 12. BUDGET r n n 
11n 4n ·-
/It:: ll c:; 

1 J. D E SCRIPTION tn . llri<·f ,talcmenl on &lralcgy of inue,tiga t,0 11 ; b. I'ru;tre .. and accomptishmc11I& of priur ye~r: c. \Vha l wilt be accomp/isl ,c d 
//,is )"t·ar. as u•,·lt as lluw and wloy; and d. Summary bibliography) 

a. Strategy - The basic strategy of this program is to evaluate the role of vest i
bular and visual system sensory conflict or sensory misintegrat ion as an etiological 
factor in space mot ion sickness. Additionally, efforts will be made to deve lop and 
evaluate non-pharmaceutical techniques which may be used to minimize or prevent 
this syndrome. 
b. Progress - In one study designed to evaluate oto1ith-semicircular canal i nter
act i ons in squirre l monkeys it was shown that the ~li minat ion of otolith end organ 
inputs (two stage utriculosacculectomy) resul ted i n reduction of horizontal rotary 
nyst agmus even though the canal end organs were in tact . In another study horizon
tal optok inetic nystagmus (OKN) and optokinetic afternystagmus (O KAN) were examined 
before and after utriculo-sacculectomy in 7 squirre l monkeys. It was found that 
slow ocu l ar pursu i t was not markedly changed by elimination of otolith inputs. A 
third study in this area which investigated cross-interaction between post -rotary 
nystagmus and OKAN revealed si gn ifi cant enhancement or inhibition of nystagmus de
pend ing upon stimulus direct ional matching. In a separate series of tests skin 
conductance during vestibu l ar stress (caloric irri gati on} was meas·ured in squirrel 
monkeys as an index of mot ion s ickness. Results were· variable, but s imilar to those 
prev iously obtained with human subjects. In ~ final ser ies of experiments it was 
demonstrated that pre-operative motor exercise enhanced the r ate with wh ich monkeys 
recovered from locomotor deficits following unilateral utricular nerve section.Also 
pilot studies were done to evaluate the H-reflex in squirre l monkeys. 

c. Pl anned Tasks - 1) Analysis of vest ibule-visual conflict in the squirrel mon key 
model will continue using appropriate rotary and optokinetic st imu l at i on apparatus . 
Normal specimens and those with unilateral or bilateral les ions will be tested and 
compared. Evaluations of OKN and OKAN in both the horizontal and vertical direction~ 
will be performed. 2) Studi es will be performed invest igate experimentally induced 
mot i on sickness in squirrel monkeys with un il ateral labyrinth ablations. Physio
logical s i gns and . symptoms of mot ion sickness wi ll be monitored using quantitative 
methods previously developed under this effort . These same response parameters will 
al so be evalu ated in normal subjects exposed to str.essful optoki netic or conf li ct ing 
vest i bule-vi sual stimuli . 3) Studies will be continued to determine the effect of 
varying the duration of post-surgery exercise on the rate with which monkeys learn 
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t o compensate or improve locomotor performance following unilater~ utricular nerve 
sect ions . Al so, the effect of post-operative continuous constrai nt on locomotor 
compensat ion following partia l or total labyrinthine ab lation wil l be evaluated. 
The H-reflex will be investigated in normal squirrel monkeys and in those with 
l abyrinth ine or otol i th end organ ablations in the laboratory and during parabol i c 
f light. \ 
d. Bibliogr~ - 1. Igarashi, et al. Effect of oto'lith end organ ablation on 
pendular rotation nystagmus i n squirrel monkeys_. Arch . Oto - . Rhino - Laryng., 
i n press. 2. Igarash i , et al. Effect of oto l ith end organ abliation on 
horizonta l optokinetic nystagmus and optokinetic afternystagmus in the squirrel 
monkey. ORL -, in press . 3. Igarashi, et al. Optokinetic afternystagmus and 
postrotary nystagmus in suqirre l monkeys. Submitted to Acta. Otolaryng . 
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:I. TITLE 3 . NUMUf R/ CODE --~-- ·r -------

Spontaneous Vestibular Primary Afferent Discharge. 
a. PROPOSAL t, . CURRENT 

199-05-01 -07 
4 . PERFORMING ORGANIZATION S. CONTHACT/GRANl' NO. 

Department of Otolaryngology NAS9- l 464 l 
University of Texas Medical Branch 6 DATE 

Galveston, Texas a. STARTING t, . ANNIVERSARY 

1 May 75 l May 78 
7. I NVESTIGATOR'S NAME I TEL. NO. MANPOWER (M YJ · FUNDING / 111 Kl 

M. J . Corre i a (713) 765-2721' FISCAL ·---
STATUS IN· 

YEAR HOUSE SIC IMS R I D TOTAL 

8 . N ASA ALT. TECH MON ITOR'S NAME I TEL. NO. ~- h. C. <l . C. f. 

N/A 10. PRIOR C u 0 30 30 
9 . INSTITUTION CATEGORY CODE 1 1. CURRENT C u u JU 30 

UM 12. BUDGET C u u j~ J~ 
13. DESCRIPTION (n . /lrwf •lalc111e11I on ,tratc11y of inue,tcgalion: b. · Prugreu and accomp/ishm..:nt, of prior year: c. l'lhal will be accomplished 

tl ,is yc•ar. as u•,· /1 as /row and why; and d. Summary bib(ioaraphy) 

a. Strateg_}'.'. : This effort will deal with a description of primary vestibular affer-
ent neural input to the CNS (i ncluding what constitutes an imbalance in discharge 
patterns), and how this input may be modified by effer~nt control . The effort will 
also attempt to describe the biolog ical generating mechanism for the afferent input 
both on a neural and morpho logical level. 

b. Progress : Further examinat i ons of the morpho l ogical and physiol ogical charac-
teristics of the vestibular primary afferent system of the pigeon were comp leted. 
The following illustrate significant progress for this effort. l ) Signa l detection 
models of the spontaneous discharge from ampullarly primary afferents (APA's) indi -
cated an improved way of determining cell thresho lds. 2) Sinewave dn al ys is 
of the APA system indicated several ampl itude dependent and frequency dependent non-
li nearities. 3) Morpholog ically, i t was demonstrated that multiple type I hair cell:, 
within a s ingle nerve chalice are more prevalent i n the peripheral regions of the 
ampulla and type II appear to be more prevalent on the central regi on . Also, ef-
ferent innervat ion was demonst rated and a qu antat ive estimate of myelinated affer-
ent fibers i n the crista-ampullaris of the pigeon was determined . 
c. Pl anned Tas ks: l ) Spontaneous and driven (rotation stimu li) neural · act ivity 
from vestibu l ar neurons in the pigeon will be recorded. Theoret ical models based 
on biological processes will be tested against the empirica l data to determine the 
most appropriate physiological basis for the mathematical process which best des -
cribes the neural responses. Efferent influences on afferent input to the CNS will 
then be studied by removing efferent control via surgery and recording afferent 
activity from the 8th nerve. 2) Biological generating mechanisms will be invest i-
gated by recording re sponses generated by normal phys iological stimu li (angu l ar 
acceleration) and by electr i cal stimulation and comp ar ing these responses on Bode 
plots . Confirmation of models devised to describe the biological generating mechan -
i sm will be obtained through light and electron microscopy. 
d. Biblio9ra12h.z'.: · l. Brassar d, J. R. and Correia, M. J. Acomputer program for 
fitting multimodel probabi li ty density functions . Com12uter Prog. Biomed., in press. 
2. Landolt, J . P. and Correia, M. J. Mechanisms for initiati on of spontaneous dis-
charges in peripheral anterior semicircular canal neurons in the pigeon . Submitted 
for publication . 
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199-05-01-07 

3. Correia, M. J. and Lan dolt, J. P. A point process mode l of the impu lse-gen
erating mechan i sm in anterior semi -ci rcular canal crista. Submitted for publica-
tion : 

1 

4. Anderson, D. J. and Correia, M. J. The detection· and analysis of po int pro
cesses in biological signals . Proc . IEEE, in press. 
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RESEARCH AND TECHNOLOG Y RESUME 20 Apr i l 77 
'.l . TITLE J: NUMB!.R/ CODE 

Qu antitative Evalu a'c-ion of Ant i -Moti on.Sickness ---··-
-r l0

99~05~OTl -O~-
a. P ROPOSAL 

Drug Si de Effects 
4 . PERFOllMING ORGANIZAT ION 5. CONTRACT/GRANT N O. 

Department of Psychi atry & Pharmacol ogy New Start 
Pennsyl vani a St ate Uni vers i ty 6. DATE 

Hers hey Med ical Center a. ST ART ING b . ANN I VERSARY 

Hershey, PA 17033 - .. l Sep 77 l Sep 78 
·-

7. INVESTIGATOR'S NAME I T E L. NO. MANPOWER (M Y) FUND IN G //n KJ 
FISCAL - ·--

A. Ka les & E, 0.B ixler STATUS IN· 
YEAR HOU SE SIC IMS R/0 TOTAL 

8 NASA ALT. TEC H M ONITOR'S NAME I T E: L. NO. a. h. C. d. t:, f. 
N/A 10 . PnlOR N 0 0 60 i;n 

9 . INST I TUTION CA T EGORY CODE 11 . CURR£;NT C 0 u 50 50 
UM 12. BUDGET C u u bU bU 

13. DESCRIPTI ON (a. /Irie: { stalc111e11 t 011 strr. ta11y of i11uas ligat io11: b. Progress and accu 1111>lisl1menls o f vriur year: c. \Vhat wi/f be accomp/1shcd 
1/i is )'C-ar, as U't'/1 as l,ow a11d why: a nd d. Summary bibliography) 

a. Strateg~ - The strategy i s t o evaluate the effects of ava il able anti -motion. 
drugs on human performance, behavior and phys i ological func ti on in order to ~nsure 
t hat the user ' s performance capabilities and well-being are not jeopardized . AttemptlS 
\1/ i 11 be made t o verify that the use of t hese dr ugs wi l l not compromi se the coll ect ion 
and interpret ation of space fligh t experimental biomedica l data . 

b. Progress - This i s a proposed new start ; no progress to report . 
c. Pl anned Tasks - A series of stud ies us 'ing human subjects will be conducted to 
eval uate potential detrimental side effects of s i ngle and repeated doses of selected 
ant i -mot i on sickness drugs under considerat i on for use during the Sh uttle Program, 
Parameters to be investigated wil l include : 1 ) simple anu complex motor performance, 
2) sensory funct ion, part i cul ar ly vest i bu l ar and visual f unct ion , 3) heart rate, 
blood pressure , respiration r ate and other vita l physiolog i ca l funct ions that may 
be aff ected. If i ndicated, l imi ted studi es wi 11 be conducted to evaluate s leep 
qual ity and qu ant i ty under the i nfluence of the drugs . In order to understand pas-
s i ble de leterious synergist i c effects the combination of ant i-motion sickness dru gs 
with other common ly used med icat ion will be eval uated, A 11 of t hese studies wi l l be 
performed with a view toward se l ecting a drug or drugs optimal ly suited to the in-
dividua l. These studies will be close ly coordinated wi t h ongo i ng ant i-motion sick -
ness drug research at Pensaco l c1. and inhouse . Because the use of drugs as a counter-
measure may be unavo i dab le (vest ibu l ar "t r ai ni ng" may prove t o be ineffective for a 
s i gnificant number of space trave lers ), i t i s essentia l that t he side-effects of 
t~ese drugs be careful ly eval uat ed . 
d. Bi bli ography - None . . -. 
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I 
1. 0/\ r1. l'HU' t ,1<1 r, 

RESEARCH AND TECHNOLOGY RESUME 20 Apri l 77 
~- TITLE 

Uncle·; Dyn-ami c \ 
3. NlJMBf. A/ CODE 

Eva luations .of Postura l Mechanisms -
-r ,·-g~~~~~NoT, _, ;-

a. PROPOSAL 

Conditions 
4. PERFORMING ORGANIZATION 5. CONTAACT/ GAANl" NO. 

Kresge Hearing Research Institute NAS9 -1 5244 -

Un i versity of Michigan 
' ' : : . 6. DATE 

Ann Arbor, Michigan : a. STARTING b. ANNIVERSARY , 
1 Feb 1977 l Feb 1978 .. 

I 

7. IN VES TIGATOR'S NAME I TEL. NO. MANPOWER (M YJ FUNDING / /11 Ki -
D. J. Anderson (313)764-5186 FISCAL STATUS IN· : 

YEAR HOUSE SIC IMS RID TO TA L 

8 . NJ\SA ALT. TECH MONITOR'S NAME I TEL. NO. ~- b. I C. "· ~- r. 
N/A 10. PRIOR C 0 0 30 30 

9. I NSTITUTION CATEGORY CODE 11 . CURRENT C 0 0 jU 30 
UN 12. BUDGET T u 0 30 ..:SU 

13. D ESCRIPTION (o. /lril'f stalcmer> I on ,trate11y of i11uesliga lion; t,, Prqgress and accomplishment• of prior year; c. Whal will be accomplished 
tlais yt•ar, ns u•,•11 as /Juw amt why ; and d. Summary bibliography) 

a. Strategy - The primary strategy is to deye lop improved, quantitati ve tes~ methoc 
for the assessment of postural mechanisms in individual human subjects under dyna-

s 

mi C, as we 11 as static t est conditions . 

b. Progress - This i s a relatively new start, hov1ever, accompl ishments during a 
previous and r elated 6-month effort include: 1) design and initial fabrication of 
a prototype moving pl atform system; 2) development of a digital scan camera system 
for subject postion monitoring and 3) development of computer programs for driving 
the platform and for data analysis. 

c. Planned Tasks - Development of a system for test tng the dynamics of postural 
mechanisms wi ll continue . Thi s system wi 11 consist of equipment necessary to gen-
erate and deliver stimuli, cond ition physiological signals and sample, ana lyze and 
displ ay res ults . A series of test protocols will be developed which require the 
subject to balance on the moving platform and force hi m to execute postural correc-
tions which wi ll reveal an accurate picture of his abili ty to compensate under dyn-
amic conditions . Motion st imuli \'Ii ll include pseudo-random peri odic waveforms and 
impu lsive waveforms . Test ing will be with eyes open and closed. The final outcome 
of this effort wi 11 include a recommendat ion for a test configuration and protocols 
suitable for potential use pre- and postflight biome dical evaluat ions of future 
flight crewmen. 
d. Bibliogra12hy - l. Anderson, D. J. ' Hornick, J. L. ' and Jones , K. vi. Lin-: scan 
cameras applied app li ed to posturography. (Abstract) Presented at San Diego Biomed-
i ca l Symposium, San Di ego , California, Pebruary 1977. --' 
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1. DA r f. f•f-<l.f'/1 H I I, 
NATIONAL AERONAUTICS AND SPAC£: :I\OMINISTR/\TION 

RESEARCH AND TECHNOLOGY RESUME 20 Apri"I 77 
'J. TITLE J . NUMl3f. R / CODE 

Mechanisms 6f Compensation for Vestibula.r Lesions ~---·· I -------- -
a. P RdPOSA L t, CURRENT 

and Integrative Functions in Control of Equil i briLm 199-05-01 -1 2 
4. PER FORMING ORGANIZATION 5. COl\lTRACT/GRANl NO. 

Department of Neurosciences NSG-9048 
University of Californ i a, San Diego 6 . 01'.TE 

LaJoll a, California 92093 a . STARTING b . ANNIVERSARY 

.. 1 Jan 77 l Jan 78 
7. INVtSTIGATOR'S NAME I T EL. NO. 

- . FUNDING /In KJ MANPOWER /MYJ -
T. H. Bu llock (714)452-3636 FI-SCAL STATUS IN· 

YEAR SIC IMS R/0 TOTAL 
H OUSE uT.P 70. 70 8 . NASA ALT. TECH MONITOR'S NAME I TEL. NO. a. l>. C. 

N/A 10. PRIOR N 0 u 0 0 
9. INST ITUTION CATEGORY CODE 11 . CURRENT ·c 0 0 60 bU 

UN 12. Bl.lDGET C u 0 ~u 50 
1 J. DESCR IPTION /n. llri.:f s/a/cment on ,tratcl{y of i,ive&ligation: b. Pru11ross and accom1~lishments of prior y1·ar: c. \Vita( will be accomp lished 

/Iris ~·c•ar, as wt'// vs /low and wl,y; and d. Summary bibliograplty} 

a. Strateg.z:'. - Primary strategy is to conduct rese arch appropriate to gaining a 
better understanding of the operation of the vest i bu lar system i n norma l performance 
and especially to un derstand and influence the processes by wh i ch the CNS overcomes 
disturbances resulting from l esions or malfunctions of the vestibular system. 

b·. Progress - This effort 111as ini tiated 1 Jan 1977 . With the excepti on of a 6 
\,;eek trip by the investigator to Brazi l to obtain fish specimens for research, no 
progress has been reported . 

c. Planned Tasks - A ser·ies of interre lated tasks will be initiated to : 1 ) Assess . 
the re l at ive importance of sensory syste1ns , vest ibular and other, in equilibrium 
and postural control mechan i sms in diffcr.cnt s-pec ies of vertebrates; 2) Determine 
which CNS structures are invol ved in compensation and adjustment processes occurring 
after vest ibular lesions; 3) Determine by which mechanisms the deafferented vesti-
bular nucl ear complex reg ains activity during compensation after unilateral l aby-
rinthectomy; 4) Determine the inf luence of training, additional brain les ions and 
drugs on vest ibular compensation mechanisms . Behavioral, electrophysiological and 
brain l esion studies will use fish, amph ibians, guinea pigs and -rabbits. Pharma-
co logical studies will use mammals exclusively. Hi stolog i cal examinations wi ll 
be done to con f irm lesion sites . 

d. Bi bliograpl1_1_ - Effort has not res ulted in published reports to date. 
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'.l. TITLE 

NATIONAL AERONAUTICS /\ND SPACE: ADMIMISTAATION 

RESEARCH AND TECHNOLOGY RESUME 

KC -1 35 Zero-Grav i ty Research Program 
4. PERFORMING ORGANIZATION 

Neurophysiology Laboratory 
NASA - Johnson Space Center 
Houston, TX 77058 

1. DAlf.f'HLf'/\iCll1 

3 May 77 
3. NUMBI.R/ CODE 

----·-- .. 
a. PROPOSAL i-t.. CURRENT 

1~9-05-01-13 
5. CONTRACT/GRANl' NO. 

· Inhotise 
6. DATE 

a. STARTING t,. ANNIVERSARY 

HOct 77 1 Oct 78 
7. I NVESTIGATOR'S NAME {TEL.NO. MANPOWER (M Yi . FUNDING / /ri KJ 

J . L. Hornick (713)483-5056 
8 . NASA ALT. TECH MONITOR'S NAME j TEL. NO. 

N/A 
9. INSTITUTION CATEGORY CODE 

FISCAL 
YEAR 

10. PRIOR 

11 . CURRENT 

12. BUDGET 

STAnJS IN-
HOUSE 

n. h. 

-
N 
r. 

-
S/C IMS A/D TOTAL 

C. d. C. f. 

0 0 10n 100 
0 0 100 100 

13. DESCRIPTION (n. /Irie{ stalcmc11I on strategy of i11v~s(igation; b. Progress and accomp l islime11ts of prior year: c. What wilt be accomplished 
th is )'<"Or, as lL'<'lt us how 011d why; and d. Summary bibliography) 

a. Strategy - The strategy of this effort i s to fund util i zation of the NASA 
KC-)35 zero-gravity ai rcraft for the purpose of conducting specialized vestibular 
related research on humans and an imals as def ined by tasks 199-05-01-01, 199-05-
01-04 and 199-05-01-05 . · 
b. Progress - Accompl ishments by Graybiel' on the KC-135 during the prior year 
incl ude: 1) Measurements of susceptibility to motion sickness in about 25 subjects 
during the 0-g phase of flight with head fixed or moving wh ile stat ion ary or rota
t ing. 2) Ev aluat ions of the eff i cacy of several ant i-motion sickness drugs in
cluding promethazine admioistered I.M. to treat severe, acute motion sickness; 
3) Evaluations of transfer of laboratory acquired vestibular adaptation to the 
parabolic flight environment; (ref. task 199-05-01-01). Accomplishments by Parker 
include a brief series of fli ghts during which CSF and perilymph fluid pressure 
were directly measured in guinea pigs; results were inconclus ive. (ref. task 199-
05-01-04). Accomplishments by the JSC inhouse l aboratory include an extensive 
series of f li ghts during which H-reflex data were obtained on humans. Results 
indicated a potentiation and an inhibition of the H-response during the 0-g and 
hyper-g phases of the parabolas, respectively (ref. task 199-05-01-03)! 
c. Pl anned Tasks : A series of studies will be directed by Graybiel to: l) Fur
ther evaluate the efficiacy of selected anti-motion sickness drugs, with particu
lar emphasis on dose level and route of administration; 2) Evaluate transfer of 
laboratory acquired adaptat ion to parabolic f 1i ght and 3) Evaluate methods wh ich 
might pred ict susceptibility to motion sickness caused by exposure to parabolic 
flight . Parker will attempt to measure endolymph, as we l l as, perilymph and CSF 
pressure in guinea pigs in order to better establish support for or against th~ 
fluid shift hypothesis of motion sickness. The JSC inhouse laboratory wil l con
tinue to investigate vest ibu lo-spinal reflex (H-reflex) stimulus-response para
meters in order to establish the H-reflex as a valuable approach to assessing 
otolith function , Included wi ll be a series of H-reflex studies using normal 
squirre l monkeys and those with select i ve vestibular lesions. The squirrel monkey 
studies will be ~upported by Igarash i (ref . task 199-05-01-05.)t 

d. Bi bliography - See each of the tasks referenced above. 
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NATIONAL AEHONAUTICS AND SPACE ADMINISTRATION 
1 . DA f f. l'H t_f'/\ 111 1 , 

RESEARCH AND TECHNOLOGY RESUME I 3 May 77 
:.!. TITLE 

I 
J. NU MBLR/ CODE 

t....---- -

·1 l0

99~()5~()Ti - 14 
a . PROPOSAL 

Astronaut Motion Si ckness Suceptibility Test Program 1 

4. PERFORMI NG ORGAN IZATION 5. CONTRACT / GRANT NO. 

Neurophysiol ogy Laboratory Inhouse 
NASA - Johnson Space Center 6. DATE 

Houston, Texas 77058 
' 

a . STARTING t,. ANN IV E RSARY 

1 Oct 77 l Oct 78 
7 . I NVESTI GA TOR'S NAME I T E L. NO. MANPOWER (MYJ FUNDING // ,1 Ki 

J. Homick (713) 483-5056 l'I SC.A.L 
.__ . 

L. STA1\JS IN · 
YEAR H OUSE , SIC IMS R/ D TOTAL 

S. N /\SA ALT. TECH MONITOR'S NAME I TEL. NO. ~- 0. C. ti. C. f. 

N/A 10. PRIOR -
9. I NSTITUTION CATEG ORY CODE 11 . CURRENT N 0 0 40 40 

FC 12. BUDGET C 0 0 40 40 
13. DES,Ci=llPT I ON (a. /lril' f state men t 011 strate11y of inuesti,:o tion; b: Progress and nccomp lishments of p r iur year: c. •\¥/tat will be accomp/i.,hcd 

/ /Ii.< y ear, as u.•,•/1 us huw and wh y; and d. Summary bibliography) 

a. Strateqy - The str ategy of thi s task is t o devise and administer a select battery 
of vestibular tests to a population of astron~uts who have flown in sp ace, as ' well 
as non-astronauts , with the purpose being to identify specif i c ground based tests 
which sign ific antly correlate with the actual inci dence of space mot ion sickness . 

b. Progress - This is a proposed new start . However, research work curr ently be i ng 
done by inves tigators at JSC, ARC, Pensaco la and elsewhere to devel op predict i ve 
tests of suscept ibility to zero-g s i ckn ess ·j s directly appl i cab le to t his effort. 

c. Pl anned Tasks - Initi ally , this effort wi 11 foc us on the definit ion , deve lopment 
and evaluat ion cf a battery of quantitat ive tests to assess various aspects of ves-
t ibul ar system function . Emphas is wil i be pl aced 011 prnvocat ive test methods in-
eluding moti on s i ckness exper imentally induced by cor ioli s and optok i net i c st imu l a-
t ion, off-vert ical and horizontal rotation, l inear an d vertical oscill at ion, cine-
globe mot i on expos ure and other methods wh ich introduce vi sual - vestibular conf li ct . 
If feas ibl e, other inci dental data (b iochemi cal , metabolic and car di ovascu l ar) will 
be compared wilh sucept ibility to mot ion sickness i nduced by the above methods . 
Suff ici ent data will be collected on a non-astronaut populat ion to refine data 
coll ection and analys i s methods. From these i niti al studies an attempt· v,1i 11 be 
made to iso l ate a sma 11 group of t ests wh ich wo uld be administered to astronauts 
with previous space f li gh t experi ence . Appropri ate analysis w i 11 be done to compare 
ground based test results with each individual's history of space mot ion sickness 
in an effort to i dent i fy reliab l e pred ictive tests or select ion criteri a for future 
flight personnel . An attemp t will be made to deve l op and conso li date required 
f acilities for the above test program at JSC, however, resources li mit at i ons may 
di ct ate that uni que test faciliti es at other NASA supported l aboratories be occas ion 
ally ut ili zed, espec i ally during the def initi on ph ase of t his program . 

d. Bi bli ogra~hy - None 

·\ 

, 

I 
. 

TYPE D NAM E AND SI GNATURE DATE 
TECHN ICAL 

M ONITOR J . L. Hornick 
TYPE D NAM E AND SIGNATURE DATE 

APPROVING 
OFFICI A L 

N ASA FORM T43 DEC 74 R EPLACES NASA F O RM T8 WH ICH 15 OBSOLET E . 



Reprint & Copyright © by 
Aerospace Medical Association, Washington, DC 

Somatosensory Motion Aller-Effect 
Following Earth-Horizontal Rotation 
About the Z-Axls: A New Illusion 

JAMES R. LACKNER and ASHTON GRAYBIEL 

Brandeis University, Waltham, Massachusetts 02154 and Naval 
Aerospace Medical Research Laboratory, Pensacola, Florida 
32512 

LACKNER, J. R., and A. GRAYBIEL. Somatosensory motion 
after-effect following earth-horizontal rotation about the Z-axis: 
A new illusion. Aviat. Space Environ. Med. 48(6):501-502, 1977. 

During rotation about the Z-uis wbUe recumbent one ls ex
posed to a changing pattern of pressure cues over the body sur• 
face, If the body is only loosely padded l.n the experimental ap
paratus, then apparent motion of part of the body surface may 
be experienced sometime after rotation bas been terminated. 
This somatosensory motion aftereffect of opposite sign Is tem
porarily abolished if one looks at the affected body area, but is 
again re-experienced when the gaze ls shifted elsewhere. The 
similarity of this motion aftereffect to those contingent on 
vestibular and visual stimulation ls discussed. 

FOR MANY YEARS, Von Bekesy (1) explored the 
common functional characteristics of the visual, au

ditory, and somatosensory systems. From his work it be
came apparent that sensory inhibition was a basic prop
erty of nervous system organization and underlay, in 
part, the dependence of the perception of movement on 
intensity and temporal parameters of stimulation of 
neurally contiguous receptor populations. Many models 
have been developed using the principle of reciprocal . 
inhibition to explain the negative after-effects · and mo
tion after-eff~ts that appear following prolonged visual, 
auditory, and vestibular stimulations (5). The great 
generality of this principle is demonstrated by the fact 
that reciprocal inhibition has also been used to explain 
aspects of motor coordination ranging from the reflex 
organization of the spinal cord ( 8) to central pattern 
generating mechanisms underlying autochthonous move
ments (10). 

The observations to be depicted demonstrate the 
existence of motion after-effects of opposite sign follow
ing somatosensory stimulation. Such after-effects have 
not previously been described and their existence further 
extends the list of common functional properties of the 

This study was supported by the National Aeronautics and 
Space Administ'ration, Contracts T-5904B, T-590413. Opinions 
or conclusions contained in this report are those of the authors 
and do not necessarily reflect the views or endorsement of the 
Navy Department. 

various sensory systems. Unlike motion after-effects 
contingent on the termination of visual or vestibular 
stimulation, which appear immediately, the somatosen
sory after-effects to be described only emerged 4-8 h after 
the inducing stimulation had been terminated. In this 
context, it should be noted that after-effects from pro
longed tactile stimulation sometimes last for hours after 
removal of the stimulus, e.g. the long lasting "ring" 
after-effect from wearing a hat with a band that is tight 
on the head. 

In the present situation, subjects had been exposed to 
clockwise rotation around their long body axis while that 
axis was horizontal or at an angle of 10° with the hori
zontal. The goal of the experiment had been to evaluate 
the effects of varying degrees of headward shift of 
movable body fluids on susceptibility to motion sickness; 
for this reason the subject's body axis had been placed in 
varying orientations (7). The experimental apparatus 
has been described elsewhere ( 4); one of its integral 
parts is a fiberglass body mold which is cushioned with 
removable foam-rubber pads. These are adjusted in
dividually for each subject to prevent him from flopping 
about as he is rotated in barbecue-spit fashion. 

When the foam rubber pads are not positioned prop
erly nor in sufficient thickness, ,the subject is exposed to 
strong asymmetric pressure on his torso as he is rotated. 
For three of the subjects, including one of the authors, 
during one of the experimental runs the back was 
properly padded but the chest area had too little pad
ding. The distribution of padding was such as to cause 
asymmetric tactile stimulation during rotation but not 
sufficient to cause frank discomfort. All three subjects 
underwent clockwise rotation at 30 rpm for 1 h while 
horizontal. Under t,his circumstance, the pattern of pres
sure cues on the body changed in a counter-clockwise 
direction. No subject preceived correctly the rotation 
of his body but. experienced himself as moving in a 
counter-clockwise orbit about a central axis while al
ways facing in the same direction (7). 

Immediately after the experiment, none of the sub
jects experienced illusory motion of his body or any part 
of it. However, from 4 to 8 h later each of the three sub
jects- when not looking at his chest-experienced ii-
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lusory clockwise movement of his chest area in relation 
to the rest of his body. The experience was one of clock
wise movement without displacement and was confined 
to the chest surface. When the subject looked at his 
chest, the apparent motion ceased; when he looked away 
it again would begin. The velocity of apparent movement 
was approximately half the velocity of the moving pres
sure stimulus during body rotation. For two of the three 
subjects the apparent motion continued-when they 
were not looking at their chests-for about 15 min for 
one and 30 min for the other. In experimental runs in 
which these subjects were fully padded in the chest as 
well as the back regions, none of them later experienced 
tactile after-effects. 

The present observations are of fourfold significance: 
a) they demonstrate the existence of somatosensory mo
tion after-effects contingent on prolonged asymmetric 
pressure stimulation of the body surface, b) they indi
cate that somatosensory motion after-effects involve a 
dissociation of sensed movement and sensed displace
ment, a dissociation characteristic also of visual and 
vestibular motion after-effects ( cf. the oculogyral and 
audiogyral illusions first described by Graybiel and 
Hupp (3) and Clark and Graybiel (2), respectively), 
c) they show that sight of the relevant area will override 
somatosensory motion after-effects, as it is well known 
from other studies that visual cues can dominate 
proprioceptive cues about limb position and body orien
tation ( 6), and d) they verify that a remapping is 
possible for the apparent positions of different parts of 
the body in relation to others. Years ago, Stratton (9), 
in describing the apparent orientation of his body after 
he had exposed himself to prolonged optical . inversion 
and reversal of his visual field, reported that that part of 

his body which he had been able to see through the lens 
system felt inverted and reversed in relation to the rest 
of his body. The present observations are consistent with 
the dissociation described by Stratton. In fact, a com
parable dissociation of apparent orientation was ex
perienced by some of our subjects during exposure to 
rotation about their horizontal, long-body axis: they felt 
their head and trunk to be vertical and rotating counter
clockwise and their lower half to be horizontal and 
rotating counterclockwise. 
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Drug for the Prevention of Motion 
Sickness 

ASHTON GRAYBIEL and JAMES KNEPT0N 

Naval Aerospace Medical Research Laboratory, 
Naval Air Station. Pensacola, Florida 32508 

GRAYBIEL, A., and J. KNEPTON. Evaluation of a new anti
nauseant drug for prevention of motion sickness. Aviat. Space 
Environ. Med. 48(9) :867-871, 1977. 

The antimotion sickness efficacy of a new drug, AHR 56458, 
administered orally in 20, 50, and 100 mg doses, was compared 
with that of 1-scopolamine 0.3 mg and of a placebo. Also evalu
ated were four "old" drugs, new only in the sense that the dosage 
or drug combinations had not been tested previously. Prome
tbazine 12.S mg and ephedrine 12.S mg were given alone and 
combined; the fourth drug was a fixed-dose of meclizlne 50 mg 
plus ephedrine 2S mg. Eight college students aged 18 to 26 
years participated as paid volunteers. Each subject was tested 
individually in a slow rotation room where the stressful stimuli 
were generated by requiring the subject to execute standardized 
bead movements at 1-r.p.m. increments until either the motion
sickness endpoint or the ceiling on the test (30 r.p.m.) was 
reached. Efficacy of the eight drugs was assessed In terms of 
placebo effects and categorized as beneficial, Inconsequential, or 
detrimental. The effects of scopolamine were beneficial In 50% 
of the subjects, a little below expectation (62.S%). All of the 
responses to the AHR S64SB drugs were inconsequential ex
cept for one beneficial effect (100 mg) and two detrimental re
sponses, one each with doses of 20 mg and 50 mg. Among the 
other drugs tested, only one of the responses was detrimental. 
Beneficial responses were 62.5 % for prometbazlne 12.5 plus 
ephedrine 12.S mg, SO% for prometbazlne 12.5 mg, 37 .5 % 
for ephedrine 12.S mg, and 25 % for meclizine SO mg plus 
ephedrine 2S mg. 

THE NEW DRUG, AHR 5645B, • was offered to us 
for assessment of its efficacy in reducing susceptibili-

This study was supported by the Nationar Aeronautics and 
Space Administration, Contract T-5904B and the Naval 
Medical Research and Development Command, Project 
MF.51.524.005-7015. Opinions or conclusions contained in this 
report are those of the authors and do not necessarily reflect 
the. views or endorsement of the Navy Department. 
*The drugs were provided by the A. H. Robins Co., Richmond, 
Va. 

ty to motion sickness. This preparation is a pyrolidine 
derivative unrelated to known drugs, and reports indicate 
that its effects are comparable to actions following the 
administration of the phenothiazine and nonphenothi
azine drugs in both patients and animal models. 

For two reasons, of which the second is by far the 
more important, we readily accepted the proffered op
portunity: first, the likelihood that it would prove to be 
efficacious, at least for some subjects, and, second, its 
demonstrated suitability for long-term use. Scopolamine 
0.3 mg was used as a control. The opportunity was 
taken to extend our bioassay of the combination pro
methazine plus ephedrine and a new combination, 
meclizine 50 mg plus ephedrine 25 mg. 

In all of our studies dealing with the efficacy of 
antimotion sickness drugs, stressful accelerations have 
been generated by requiring the subject to execute 
standardized head and body movements out of the plane 
of rotation in a slow rotation room (SRR). In early 
studies (1) we used a predetermined stimulus of constant 
intensity (constant angular velocity), and susceptibility 
to motion sickness was measured as the number of head 
movements executed either before the motion-sickness 
endpoint was reached or a total of 300 executed. This 
ceiling on the test (300 head movements) was often 
reached before the motion-sickness endpoint, a short
coming. This handicap was largely overcome in sub
sequent studies by requiring the subject to execute head 
movements at 1 r.p.m., and step increases of I r.p.m., 
until the motion-sickness endpoint or the r.p.m.-ceil
ing (27 or 30 r.p.m.) was reached (2). A second handi
cap was the use of a latin square design of order 10 that 
yielded results valid for large groups but not individuals 
in a group, a present-day requirement. This problem has 
been met by using a modified latin square arrangement 
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whereby the number of placebos is increased and by 
using one or more reference drugs that served as con
trols (3). 

The problems posed by adaptation are met fairly well 
by increasing the interval between tests, but this tends to 
aggravate a second problem, namely, variation in mo
tion-sickness susceptibility within individuals. In most 
subjects, substantial variations are uncommon or ex
plicable, but in some subjects we have not uncovered the 
cause or causes for these variations. 

MATERIALS AND MEfflODS 

Subjects: The eight male subjects, 18 to 26 years of 
age, used in this experiment were selected from a subject 
pool solely on the basis of availability. All of the subjects 
in the pool were physically and mentally qualified for 
parabolic flights, and assessments revealed normal 
canalicular, otolith, and visual functions. None was se
lected on the basis of susceptibility to motion sickness, 
however much this factor influenced their willingness to 
serve as a subject. 

Procedure- The stress profile: The procedure, de
scribed elsewhere in detail (2), required the subject to 
execute 40 head movements (4 s between commands) 
out of the plane of the room's rotation at 1 r.p.m. and 
1-r.p.m. increments in angular velocity until either the 
ceiling on the test, 30 r.p.m., or the motion-sickness end
point was reached. 

Assessing susceptibility to acute motion sickness: The 
observer, in collaboration with the subject, estimated the 
levels of severity of the symptoms after every set of 40 
head movements. The levels of severity of motion sick
ness were given numerical scores according to diagnostic 
criteria (4) found to be satisfactory when acute experi
mental motion sickness was evoked. The motion-sickness 
endpoint was slight nausea or a score of 12 points includ
ing stomach awareness, whichever came first. 

Drugs and their administration: The following drugs 
were evaluated: 

1. 1-scopolamine hydrobromide (0.3 mg) 
2. AHR 5645B (20 mg) 
3. AHR 5645B (50 mg) 
4. AHR 5645B (100 mg) 
5. meclizine (50 mg) + ephedrine sulfate (25 mg) 
6. promethazine hydrochloride ( 12.5 mg) 
7. ephedrine sulfate (12.5 mg) 
8. promethazine hydrochloride (12.5 mg) + ephed

rine sulfate (12.5 mg) 
9. placebo (lactose) 

Nineteen preparations in identical opaque capsules 
(eight drugs and 11 placebos) were individually sealed 
in small envelopes and numbered. The numbers on the 
envelopes reflected an arrangement based on a latin 
square design of order 8. The administration of placebos 
was generous but arbitrary. Two placebos were given 
before the first and after the last drug was taken. In 
addition, seven placebos separated contiguous drugs in 
the latin square arrangement. 

The 19 preparations for each subject were placed in a 
large envelope and kept under lock and key. The two 

capsules to be administered on test day were given to the 
inside observer who ensured that the subject swallowed 
the capsules, along with a little bland food. 

Plan: The subjects were carefully instructed regarding 
all aspects of the experiment. As part of the overall 
assessment prior to becoming a member of the experi
mental group, a test in the SRR was carried out that met 
the need for "familiarization." The tests in the series 
were carried out at approximately weekly intervals. The 
shortest interval was 3 d and the two longest ones were 
19 d (Subject 4 had a respiratory infection) and 29 d 
(Subject 6 sprained his ankle); the average was 6.8 d. 
On test days, subjects reported 2.5 h prior to rotation. 
The routine, involving an inside observer and an ex
perimenter, comprised the following duties: 

Observer: 1) Administered a pre-experimental ques
tionnaire regarding the subjects' state of health and gen
eral fitness ; 2) Obtained physiological measurements of 
pulse rate, blood pressure, oral temperature, and postural 
equilibrium, using a heel-to-toe Romberg test; 3) Con
ducted psychophysical evaluations using Wechsler's digi
tal symbol substitution test (5), Graham and Kendall's 
Memory-for-Designs test (6), and the Clyde Mood 
Scale (7); 4) Two hours before -rotation, ensured that 
the subject swallowed the two capsules; 5) Shortly before 
rotatoin, repeated the physiological measurements; 6) 
Following rotation, repeated the physiological measure
ments. 

Experimenter: 1) Thirty minutes before rotation-90 
min after capsules taken--queried subject with regard to 
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Fig. I. Method for determining efficacy of responses to four 

antimotion sickness drugs-scopolamine, promethazine plus 
ephedrine and a transdermal therapeutic system (TIS) deliver
ing scopolamine directl'y into the blood-based on actual experi
ment conducted in a slow rotation room. The ordinate meas
ures the motion sickness endpoints in r.p.m. unless the r.p.m.
ceiling on the test was reached first. The abscissa indicates the 
periods measured in days between tests. By connecting the open 
circles (when placebo was administered) the placebo range (P) 
is defined, and the line between the extremes represents the 
mean placebo level or baseline. Twice the range above or be
low the mean placebo range defines, respectively, entry into the 
beneficial and detrimental ranges. Between these ranges efficacy 
is deemed "inconsequential." The beneficiaf range may be sub
divided into multiples of 2 x P above the mean. 

868 Aviation, Space, and Environmental Medicine • September, 1977 



EVALUATING A NEW ANTINAUSEANT-GRA YBIEL & KNEPTON 

side effects of the medication; 2) Following rotation 
queried subject regarding symptoms experienced. 

Scoring: The method of scoring the efficacy of the 
drugs administered is described with the aid of findings 
in an actual experiment (Fig. 1 ). In the plot, the 
ordinate indicates the motion-sickness endpoint in terms 
of r.p.m. of the slow rotation room; the r.p.m. multiplied 
by 40 yields the number of head movements executed. If 
the range of placebo scores is no greater than that 
shown in the figure, a mean value serves as the departure 
line in scoring the responses in three ranges. Twice the 
placebo range above the mean defines the entry into the 
beneficial range, and the same procedure below the 
mean is used in defining the detrimental range. Every 
score between these ranges defined the inconsequential 
response. In two circumstances the above procedure is 
unsatisfactory, namely, when the placebo range is very 
small or great; e.g., greater than 2.5-3.0 r.p.m. In the 
first instance, 1.5 to 2 r.p.m. above or below the mean 
may serve, respectively, for entry into the beneficial and 
detrimental zones. The most common cause of a great 
range is the acquisition of adaptation effects. In this 
event, sloping baselines are used, and it may be necessary 
to divide the baseline into as many as three (rarely 
more) parts. 

RESULTS 

Table I summarizes the findings. It is noteworthy that 
the responses in the beneficial category to scopolamine 
0.3 mg (50%) were a little below expectation (62.5%) 
based on previous studies using much the same proce
dure (3). This implies that the subjects' responses to the 
drugs, as a group, might be below the average. This im
plication finds support in the greater-than-average in
dividual variation in beneficial responses; four subjects 
accounted for 15 of the 19 beneficial responses, and 
nearly half of these responses were highly beneficial. 

It is immediately apparent that, under the experi
mental conditions, AHR 5645B, regardless of dose was 
inefficacious. The one beneficial response was just at the 
border of the inconsequential range. A table was pre
pared (not shown), indicating whether the responses to 
the preparations were within, above, or below the place-

bo range. When doses of 20 mg were given, seven of the 
eight responses were within the placebo range; one was 
far below (detrimental). When 50 mg does were given, 
five responses were within the placebo range and three 
were below. With the administration of 100 mg doses, 
five responses were within the placebo range, two were 
below, and one just entered the beneficial range. In other 
words, 17 of the 24 responses were not distinguishable 
from placebo and thus the drugs served as drug-place
bos. 

The combination, meclizine plus ephedrine was highly 
beneficial in two instances and detrimental in one. It is 
important to note that, in the case of Subject 5, it was the 
only drug registering a beneficial response. In Subject 3, 
who manifested four beneficial responses, the efficacy of 
meclizine plus ephedrine was not excelled by any other 
drug and equalled only by scopolamine. 

The fixed-dose combination, promethazine and ephed
rine 12.5 mg each, had not been evaluated previously, 
and the beneficial responses (62.5 % ) were above expec
tations. This is based both on a comparison with re
sponses to scopolamine in this experiment and with 
comparisons in previous experiments. When these drugs 
were given singly in the same dose, the greater efficacy 
of promethazine was demonstrated. 

Highly beneficial effects were scored in eight assess
ments involving three subjects and four drugs. Subjects 
3, 7, and 5 accounted, respectively, for four, three, and 
one high score. Each of the following drugs accounted 
for two highly efficacious responses: scopolamine, pro
methazine, promethazine plus ephedrine, and meclizine 
plus ephedrine. 

Evidence of side effects due to administration of the 
drugs was sought by the use of tests and interviews. 
Graham and Kendall's memory-for-designs and 
Wechsler's digital symbol substitution test revealed no 
definite evidence that the scores were influenced after 
taking a drug. Oral temperature, pulse rate, blood pres
sure, and ataxia scores indicated no definite effect as the 
result of taking a drug. 

Table II summarizes the symptoms ("side effects") 
reported by the eight subjects 90 min after taking a drug 
on eight occasions and a placebo on 11 occasions. At the 

TABLE I . INDIVIDUAL RESPONSES• TO EIGHT ANTIMOTION SICKNESS DRUGS ASSESSED IN A SLOW RO-
TATION ROOM. 

P 12.5 mg M50mg % B Responses 

+ + AHR AHR AHR All but 
s S 0.3 mg E 12.5 mg P 12.5 mg E 12.5 mg E25 mg 20mg 50mg 100mg All drugs AHR drugs 

1 B B I B I I I B 50 60 
2 I I B I I I I I 12.5 20 
3 > B I >B >B >B I D I 50 80 
4 I I I I D D I I 0 0 
5 I I I I >B I I I 12.5 20 
6 I B B B I I I I 37.5 60 
7 >B B >B >B I I I I 50 80 
8 B I I B I I I I 25 40 

%B 50 37.5 50 62.5 25 0 0 12.5 

•B - Beneficial: > B highly beneficial. 
I - Inconsequential 
D - Detrimental 
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TABLE II. SYMPTOMS (SIDE EFFECTS) REPORTED BY EIGHT SUBJECTS 
90 MIN AFTER TAKING TWO CAPSULES (CONTAINING DRUG OR 

PLACEBO) ON 19 OCCASIONS. 

Incidence of side effects Number of side effects % 
BID* Score 8 Drugs 11 Placebos 8 Drugs 11 Placebos Identified 
s B I D No. % No. % No. % No. % Correctly 
1 4 4 0 I 13 I 9 2 25 2 18 52 
2 I 7 0 4 50 2 18 6 75 2 18 68 
3 4 3 1 0 0 0 0 0 0 0 0 50 
4 0 6 2 2 25 I 9 2 25 2 18 58 
5 I 7 0 4 50 7 64 7 87.5 11 IOO 43 
6 3 5 0 0 0 2 18 0 0 2 18 44 
7 4 4 0 3 37 6 55 6 75 10 91 41 
8 2 6 0 I 13 2 18 1 13 2 18 51 

*Beneficial, Inconsequential, and Detrimental responses after taking a drug. 
Rank order of side effects experienced in more than two instances. 

Drug Placebo 
0. No symptoms 49 67 
1. Drowsy 3 11 
2. Unsettled stomach 6 4 
3. Sedated feeling 3 3 
4. Headache 3 3 
5. Stomach awareness 4 2 
6. Blurred vision 3 2 
7. Dry mouth 1 4 

left is the beneficial, inconsequential, detrimental (BID) 
score and below is the rank order of side effects ex
perienced in more than two instances. Also included in 
Table II is the percentage at which each subject correctly 
identified the capsule as containing a drug or placebo. 

Subjects 2, 5, and 7 accounted for nearly 90% of the 
side effects when drugs were administered, and over 77 % 
when placebos were taken. 

Subject 2 was correct in his identification on 13 of the 
19 occasions (68% ), but this was not reflected in his 
single beneficial-response score. Indeed, this beneficial 
response involved promethazine 12.5 mg, prior to which 
he reported zero symptoms. 

Subject 5 was correct in his identification nearly half 
of the time but reported no side effects after taking 
meclizine plus ephedrine when he registered his single 
beneficial response. 

Subject 7 experienced side effects on six occasions 
when taking placebos and five of the six most commonly 
experienced symptoms were involved. He registered four 
beneficial responses, and experienced symptoms when 
promethazine and ephedrine were administered alone or 
in combination, but not after taking scopolamine. 

Subject 4, who did not register a single beneficial re
sponse, had the second highest correct identification 
score. 

In sum, the findings dealing with side effects reveal no 
proof of performance decrement in the tests administered 
and the subjective evidence (side effects) is equivocal be
cause symptoms were experienced after taking drug or 
placebo. The findings are definite, however, in providing 
an unexpected control in that symptoms experienced be
fore rotation were not helpful in distinguishing drug 
from placebo. 

DISCUSSION 

Two methodological problems were encountered; 
namely, inability to draw a highly satisfactory placebo 
baseline in the case of Subjects 2, 4, 6, and 7, and the 
rather low efficacy (50% ) of scopolamine 0.3 mg, the 
reference drug. Fortunately, these problems were easily 
met, except in the case of Subject 4, by virtue of the high 
efficacy of promethazine and ephedrine alone or in 
combination (80% ) and the fact that the responses to 
AHR preparations were nearly always in the placebo 
range. 

Fig. 2 is a plot showing the responses of Subject 4. 
For over 2 months, the placebo baseline was highly 
satisfactory, ranging between 9.5 and 11.5 r.p.m. and 
implying that he was substantially less susceptible to mo
tion sickness than the average normal member of our 
subject pool. When interviewed after completion of the 
experiment, he stated that he disliked the food furnished 
as a snack (after taking the capsules), and the odor in 
the SRR sometimes made him sick. Unfortunately, these 
complaints were not made during the experiment. Not 
shown in Table II are the symptoms he experienced after 
taking the capsules. He experienced stomach awareness 
90 min after taking AHR (20 mg) when a low r.p.m. 
endpoint was registered and after AHR (100 mg) when 
the response was well within the placebo range. On a 
third occasion, after taking the second placebo, his mo
tion sickness endpoint was the highest score prior to ex
perimental Day 80. Subject 4 is a delicately tempered, 
highly cooperative person who, after review of all the 
assessments and tests carried out, reveals a strong ten
dency toward inconsistency. 

The control of accelerative stimuli posed no problems. 

870 Aviation, Space, and Environmental Medicine • September, 1977 



• 

EVALUATING A NEW ANTINAUSEANT-GRA YBIEL & KNEPTON 

15 

10 ' 
a: 
a: 
V) 

~ 
Q.. 
a: 

5 

,o..._ 
' -o_ I 

SU8JECT 4 

RPII, 40,IMl9£R Of 
HEAO IIOVEMENTS EXECUTED 

I 
I 

R E12.S ~ 
I \ I 

I I\ 

I I I 
I I I 

I b 

AHR 100 

10 20 30 40 50 60 70 80 90 IO0 110 120 
DAYS 

Fig. 2. A plot of Subject 4's responses to administration of 
the 8 drugs and 11 placebos. For more than 2 months there was 
little variation in the placebo baseline, and the level (mean 10.3 
r.p.m.) indicates that Subject 4 was less susceptible than the 
average subject (around 8 r.p.m.). Thereafter, there is great 
variability in the placebo scores exceeding, by far, any other 
inexplicabl'e variations in placebo scores we have observed. 

None of the subjects reached 30 r.p.m., the ceiling on the 
test. 

CONCLUSIONS 

1. The responses after giving scopolamine 0.3 mg, the 
standard for reference, were below expectations 
(50% ), implying that the responses for the group might 
be less efficacious than anticipated. 

2. The new drug, AHR 5645B, used in doses of 20, 50, 
and I 00 mg was not efficacious in preventing experi
mental motion sickness. 
3. The new combination meclizine 50 mg and ephedrine 
25 mg, although eliciting a beneficial response in only 
two subjects, was not surpassed in efficacy in these in
stances by any other drug given. Moreover, it was the 
only beneficial response elicited in one subject, hence 
deserves further study. 
4. The heretofore untried combination of promethazine 
and ephedrine 12.5 mg each was outstanding in this 
series. 
5. The findings in this experiment point to the difficulty 
in identifying a highly efficacious antimotion sickness 
drug for everyone. 
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Groups of 30-d-old male and female rats were centrifuged at 
2.00 G (RE, Rotation Experimental), 1.05 G (RC, Rotation 
Control) or exposed to the noise and wind of the centrifuge at 
1.00 G (EC, Earth Control) for periods of 1, 2, 4, 8, and 16 
weeks. Measurements of their femurs Indicated that exposure 
to centrifugation a) decreased femoral length in RE animals, 
b) increased femoral length in RC animals, c) reduced femoral 
diameter in RE and RC a.nimals, d) increased L/D ratios in RC 
animals, e) decreased L/D ratios in RE animals, f) lnc.reased 
femur length/body weight in RE animals, g) decreased cortical 
thickness (CT) in RE animals, b) increased relative CT in RE 
animals, and decreased it In RC animals, i) accelerated osslfl
c.ation in RC femoral beads, j) thinned and distorted RE epipby
seal plates, and k) thickened condylar cartilage In RE females. 
The effects tended to be strongly sexually dimorphic, with fe
males more severely affected by the stress than males. 

I N A PREVIOUS PAPER (I) we demonstrated that 
hypergravity produced by chronic centrifugation mark

edly alters the length and proportions of developing rat 
femurs. In addition, some marked effects of rotation 
alone were noted, including lengthening, thinning, and 
advanced ossification compared to earth control siblings. 
These earlier data were obtained from rats kept on the 
centrifuge for three generations, and are thus open to 
the criticism that the changed rats may have been select
ed for by the altered environment, rather than having 
been directly affected by the gravitational status. 

The present study was undertaken with naive develop
ing rats in an attempt to demonstrate that rotation and 
hypergravity do in fact produce pronounced, and in some 
respects opposite, effects upon femoral development. It 
will be shown that there may indeed have been some se
lection going on in the previous experiments, but that 
selective pressures alone cannot account for the results. 

MATERIALS AND METHODS 

There were 75 male and 75 female Sprague-Dawley 
rats obtained for these experiments. Arrangements were 
made to have them delivered at 23 d of postnatal age. 
They were immediately divided into groups of five, 
placed in standard 48.26 X 26.67 x 20.32 cm plastic 
cages, and kept for 1 week to assure that they were 
healthy. When they were 30 d old, the cages were di
vided into three principal groups; l O earth control (EC), 

10 rotational control (RC), and 10 rotation experimental 
(RE) cages. RE and RC cages were placed on the cen
trifuge as in Fig. 1, while EC cages were placed on the 
floor beneath the arms of the centrifuge. The centrifuge 
has an effective radius at the cage floor, and at a speed 
of 28 rpm, of 1.9812 m (6.5 ft). This arrangement result
ed in RE animals being exposed to 2.00 G, RC animals 
to 1.05 G, and EC animals to 1.00 G, plus the noise and 
windblast that the RE and RC animals experienced. 
After the cages were emplaced and the centrifuge started, 
the only stops were for cage maintenance and water 
( < 1 % of total elapsed time), and to remove groups for 
sampling ( < J % of total elapsed time). The light/dark 
cycle was 10/14 h. 

One cage of males and one of females, each contain
ing five animals, were removed at 9:00 a.m. after 1, 2, 
4, 8, and 16 weeks of continuous exposure. Individual 
animals were removed from the cages, weighed, nem
butalized, and sacrificed. After tissue sampling by other 
investigators, the femurs were removed by disarticula
tion at knee and pelvis, cleaned of adherent muscle, fixed 
in 10% neutral buffered formalin at 4 °C, and placed in 
a 4 °C cold box for 7 d. At the end of this period, they 
were removed, and gross measurements of length (tip of 
greater trochanter to trans-condylar plane) and diameter 
(major diameter at the narrowest point of the shaft) were 
made with vernier calipers. The femurs were then re
turned to the fixative and prepared for histological ex
amination. Longitudinal sections of the right femur were 
cut at 6 µm in the frontal plane. Transverse sections of 
the left femur were cut at 6 µm from the region measured 
for diameter. The sections were stained with Hematoxy-

RC 

EC 
Fig. I. Illustration of cage placement on the centrifuge. RE 

= Rotation Experimental (2.00 G), RC = Rotation Control 
( 1.05 G), and EC -= Earth Control ( 1.00 G) 
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Jin and Eosin, mounted in permount, and examined with 
a Zeiss photomicroscope. Measurements of the thickness 
of the cortex were made with an ocular micrometer at 
the abasperal border of the transverse sections. 

Ocular micrometer measurements of the thickness of 
the distal epiphyseal plate and condylar cartilage were 
also made on the 4, 8, and 16 week longitudinal sections. 

The measurement data and the ratios derived from 
them were subjected to statistical analysis using Student's 
t-test corrected for finite series. The formula used is 
shown in Eq. 1. 

t = (Eq. 1) 
u v l/N1 + l/N2 

where: Xi, X2 = mean values, N1 and N2 = degrees of 
freedom of the means, and 

u = vN~1 (:::::S:-;:1 )-=-2-+---=N~2-(S,_2-)2 

N1 + N2 - 2 
(Eq. 2) 

where: Si, S2 = standard deviations of the means. 
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Fig. 2. Femur length vs. time of exposure in weeks. 

5.0 

4.5 

a: 
~ 3.5 
w 
::,: 
< 
0 3.o 

• II 
•IC 

AEC 

DIC 

AEC 
9 

16 

.. . ..... 

2.5+-......-......---.-----------
0 I 2 4 8 16 

WK. 

Fig. 3. Femoral diameter (major diameter at narrowest point 
of shaft) vs. time of exposure in weeks. 

RESULTS 

Length (L): Fig. 2 presents the results of the length 
1n:easurements in graphic form (key to symbols given in 
Fig. 2). In both males and females, RE animals differed 
f~o~ RC and_ E~ animals at the p<0.005 level of sig
nificance begmnmg at 1 week. The difference became 
even greater with time up to 4 weeks, then stabilized. 
RE and RC animals tended to differ less, but at 16 
weeks p-values were p<0.05 for females and p<0.005 
for males. Sexual dimorphism is apparent in the response 
when EC and RC curves are compared. EC males had 
shorter bones than their RC counterparts, whereas the 
reverse was true for females. The curves also demon
strate that growth tends to slow in females after 60 d 
but continues in males until at least 90 d. ' 

. Log!o/lo~10 plo_ts of the length vs. time curves empha
size this pomt. Pnor to 4 weeks, the slope for females is 
1.67. After 4 weeks, it drops to 0.67. For males, the 
slope is 2.0 prior to 8 weeks, then drops to 1.3 for RE 
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_F!g. 4. Femor_al length in millimeters divided by diameter in 
millimeters vs. time of eXpoSure in weeks. a. - females b. -
males ' 
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Fig. S. Photographs of 16-week female femurs, illustrating the 
effects of centrifugation. RC - Rotation Control, EC - Earth 
Control, RE - Rotation Experimental. Scale markings: 1 Div. 
- 1 mm. 

and RC animals, and to 0.67 for earth controls. This is 
possibly of importance to the response, since the EC 
and RC curves cros$ between 4 and 8 weeks in males. 

In any case, it is clear that not only increased G 
forces, but also rotation itself can markedly influence 
bone growth. 

Diameter (D ): Sexual dimorphism is even more pro
nounced when one examines the curves in Fig. 3, ill:i
strating changes in bone diameter with time. Males 
showed a continuous increase in diameter, except for a 
brief leveling off in the growth rate for RE and EC ani
mals between 2 and 4 weeks. Females, on the other hand, 
responded differently. Initially, their bones increased in 
diameter at about the same rate as males. However, after 
4 weeks there was an absolute drop in diameter, coin
ciding with the time at which growth in length seemed to 
slow (Fig. 2). 

In both males and females, diameter of RC and RE 
bones was less than that of EC counterparts (p<0.005) 
at 16 weeks. The differences between RE and RC values 
were significant for females (p<0.005), but not for 
males (p>0.10) at 16 weeks. At 4 and 8 weeks, how
ever, RE and RC values were very different in males 
(p<0.005 and 0.05), but not in females (p> 0.05 and 
p>0.10). 

Aspect Ratio (LID): The curves illustrating the L/D 
ratio (Fig. 4) confirm our earlier results. At 16 weeks, 
RE bones are significantly shorter (p< 0.05) for di
ameter than are EC counterparts, and RC bones are very 
significantly longer (p<0.005). Fig. 5 is a photograph of 
three femurs from 16-week males. The differences are 
readily apparent to the eye. The RC femur is decidedly 
more gracile than the EC one, while the RE bone is just 
as evidently more robust. The effect is the same in both 
males and females, though more pronounced in females. 

Length to Body Weight Ratio (L/ BW): One may 
suggest that the differences observed in femur length 
(or diameter) may simply reflect general alterations in 

.30 

f-! 
3: 
>-
0 
O 20 (D • 

. ,. 
I 
t-
<..? - .. --
z 
w oAE 
_J .10 D RC 

a: 6EC 

::::> 
--- -- .. ..... 

~ •RE 
0 w •RC 

•EC 
Li. 

000 I 2 4 8 16 
WK. 

Fig. 6. Femur length in millimeters divided by body weight 
(in grams) vs. time of exposure in weeks. 
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TABLE I. AVERAGE BODY WEIGHTS AT SACRIFICE. 

Condition Sex 1 wk + 2 wk + 

RE F 94.25 15.37 132.75 8.23 
RC F 117.75 10.25 152.00 14.19 
EC F 132.00 6.40 152.75 13.64 
RE M 99.63 10.04 130.75 5.61 
RC M 126.S0 14.32 178.50 14.40 
EC M 140.63 6.77 198.00 14.23 

growth produced by the experimental conditions. To 
clarify this point, we normalized femur length against 
body weight, and the results are shown in Fig. 6. Table 
I gives the body weight data. It is apparent from this 
comparison that the differences in length between RC 
and EC bones do seem to be related to differences in 
body size. RC animals, especially males, tend to be very 
slightly heavier than their EC counterparts. However, the 
difference between EC and RE animals is clearly main
tained (p>0.005) when the L/BW ratio is calculated. 
RE bones are longer for a given body weight than those 
of RC or EC animals. No sexual differences are evident 
in these data. 
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Fig. 8. Cortical thickness in millimeters at the abasperal bor
der of the narrowest point of the femoral shaft vs. time of ex
posure in weeks. a. - females, b. - males 

4 wk ± 8 wk ± 16 wk ± 
152.75 14.41 199.00 19.00 230.40 4.39 
191.25 11.67 225.50 42.51 262.13 9.91 
208.00 10.17 222.00 5.35 271.63 22.85 
209.75 10.87 331.00 14.40 427.75 35.82 
286.50 27.02 442.25 16.83 551.S0 24.58 
293.00 24.09 428.00 17.93 555.61 73.52 

Length to h/ Body Weight Ratio (L/3v BW): Amt
mann and Oyama (2), reasoning that it may be spurious 
to compare a linear function to a volumetric one, have 
suggested that the cube root of body weight may be a 
more valid figure to compare with bone length, since 
it represents a "linearization" of a volumetric determina
tion. Accordingly Fig. 7a and 7b graphically represent 
computations of this kind for females and males, respec
tively. Interestingly, RE and RC animals now resemble 
each other closely in both male and female groups, while 
EC animals are significantly different (p<0.005) after 
16 weeks. An examination of the curves reveals that, 
once again, there is sexual dimorphism -in the responses. 
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Female EC bones are longer in relation to 3 v BW than 
are RC and RE femurs, while male EC bones are short
er. Once again, these relationships seem to be estab
lished after rapid growth slows at about 60 d in females 
and 90 d in males. 

Cortical Thickness (C.T.): Fig. 8a and 8b demon
strate the results of these measurements. Prior to 4 
weeks, there were no differences between groups in 
either males or females. After 4 weeks, however, Earth 
Control animals continued to add to the cortex, while 
RE and RC animals seemed to slow the process. Thus, 
at 16 weeks EC animals had thicker cortices than either 
their RE or RC counterparts (p<0.005). The differences 
in thickness between RE and RC cortices were not sig
nificant at 16 weeks in either sex. 

Diameter/Cortical Thickness (D+C.T.) Ratio: This 
final ratio demonstrates in Fig. 9a and 9b that once 
again, there were considerable differences in response be-

Fig. 10. Photomicrographs of 
16-week femoral heads. 77X. a. -
EC male, b. - RE male, c. - RC 
male, d. - RC female. The arrows 
indicate secondary ossification 
centers. 

tween males and females. In females, RC femoral cor
tices were significantly thinner for diameter at 16 weeks 
than either EC (p= 0.01) or RE (p=0.025) bones. RE 
and EC bones were not significantly different, though RE 
ratios were always higher than EC. In males, RE cortices 
were relatively thicker than Earth Controls (p=0.01). 
The RC cortical thickness ratio approaches significance 
(p<0.10, >0.05) when compared with EC. However, 
RE and RC bones were not significantly different, al
though once again RE ratios were always slightly higher 
than their RC counterparts. One consistent feature in 
both males and females was the transient relative thin
ning of the RE bones in the early stages of the experi
ments. At 4 weeks, RE ratios were much lower (p<0.01) 
than either RC or EC ratios in both sexes. 

Histological Observations: Fig. 10 illustrates the ef
fects of these experiments on ossification of the femoral 
head after 16 weeks. In general, though not in every case, 
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Fig. 11. Pbotomicrograpbs of 
16-week epiphyseal plates. 223X, 
a. - EC female, b. - RC female, 
c. - RE female, d. - RE ma,le. 
Arrows: 1 - zone of proliferation, 
2 - zone of hypertrophy, 3 -
zone of cellular dissolution. 

RE femoral heads tended to be slightly more advanced 
than EC heads in both males and females (Fig. 1 0a and 
b). Fig. 10c illustrates a typical RC male femoral head 
and demonstrates, by the considerably larger secondary 
ossification center, that RC animals uniformly showed 
ossification which was much more advanced than in RE 
or EC animals. Fig. 10d is an extreme example, taken 
from an RC female at 16 weeks. The epiphyseal plate 
has been partially obliterated, a state never approached 
in RE or EC animals. In general, the effect was much 
more pronounced in females than males, though it oc
curred in both sexes. 

If one turns to an examination of the distal epiphyseal 
plate (Fig. 11), a different pattern appears. EC animals 
of both sexes at 16 weeks showed essentially normal 
plates (11a). So did RC animals (11b), though the plate 
was slightly thinner (p,....,0.10) than the Earth Control, 
and had shorter cell columns. Striking alterations were 

apparent in the RE plates (llc and d), which were thin
ner than either RC or EC plates in both males 
(p<0.005) and females p<0.05), though the difference 
was much more pronounced in males. In some animals 
(l lc), the zones of hypertrophy and cellular dissolution 
were shortened, while the zone of proliferation seemed 
relatively normal. In others (1 ld) the disruption was 
much more marked, with the zone of proliferation nearly 
obliterated, accompanied by distorted and shortened 
cell columns. The stronger disruptions occurred often in 
males and very seldom in females. 

When the cartilage covering the femoral condyles was 
examined, a rather surprising effect appeared. Fig. 12 
illustrates this. At 16 weeks, RE condylar cartilages in 
females (12c) were much thicker (p<0.005) than those 
of either Rotation (12a) or Earth (12b) Controls. In ad
dition, the condensation normally apparent at the sur
face facing the joint cavity was less pronounced than in 
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the RC or EC animals. This result was a very consistent 
one, being evident from 4 weeks on. RC cartilages were 
always thinner than EC ones (p<0.05). 

In males, a contrasting pattern was evident. RE carti
lages were thinner than EC (p<0.025), but thicker than 
RC (p<0.05). RC cartilages were much thinner than EC 
counterparts (p<0.005). Thus, we see once more a pat
tern of common effects (RC always thinnest) and sexual-. 
ly dimorphic ones (RE cartilages thickened in females, 
thinned in males). 

DISCUSSION 

Several points seem obviously to be indicated by the 
data obtained from these experiments. 

First, it is evident that the data gathered in our previ
ous experiments (1) were not entirely the result of selec
tive pressures. The differences noted in the present ex
periments were essentially similar to those in the previous 
ones, though the magnitude of the differences was less, 
indicating that some selective pressures were undoubted
ly operating in the multi-generation experiments. 

Second, it seems obvious that rotation and hyper
gravity may, to some degree, produce opposite effects on 
growing animals. Rotation tends to produce enhanced 
growth and gracility of form, whereas hypergravity tends 
to retard growth in length, while producing more robust 
form. In addition, both rotation and hypergravity seem 
to affect "aging" in opposite directions, as reflected by 
ossification-rotation by advancing the formation of sec
ondary ossification centers, hypergravity by depressing 
the function of the epiphyseal plates. These opposing ef
fects may, to some degree, explain the rather bewildering 
reports by various laboratories, some showing growth 
enhancement and some retardation in their centrifugation 
experiments (see Smith (3) for a recent review). It may 
well be true that the result one eventually obtains from a 
given experiment depends upon the particular mix of ro
tation vs. hypergravity used by the investigator. Such dis
parity of results argues rather strongly for some review 
of the literature with this end in mind. Alternatively, it 
would be interesting to subject a series of animals to the 
same G stress on centrifuges of varying radii, thus alter
ing the rotational component. One might expect a spec
trum of results allowing the establishment of some set of 
standards which seems to be lacking at present. 

Third, there are rather considerable differences be
tween the responses of males and females to the same 
stress. A number of possibilities come to mind to explain 
the differences seen here. Since males and females ob
viously grow at different rates, and since the females slow 
their growth considerably sooner than males, one might 
expect those differences dependent upon general altera
tion of growth to be more strongly manifested in males 
than females, since males would have been rapidly grow
ing longer. Such does not seem to be true. Reductions 
in bone length and body weight seem to be proportional
ly similar for both males and females. 

In contrast, those differences dependent upon the re
modeling seen as maturity approaches might be expected 
to be more strongly influenced in the earlier-developing 
females. Alteration of bone diameter L/D ratio, cortical 
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Fig. 12. Photomicrographs of condylar cartilage of 16-week 
females. 293X. a. RC, b. EC, c. RE. Note condensation at sur
faces (arrows) of RC and EC cartilages, and relative lack of 
condensation at surface of RE cartilage. 
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thickness, and D/C.T. ratio fall reasonably into this 
category and are, indeed, more strongly influenced in 
females than males at the same age and exposure time. 
Thus, it may be reasonable to surmise that females 
have been subjected to the stress for an effectively longer 
period than males, though the absolute time is identical. 
Experiments subjecting males and females to hypergrav
ity for the same proportional periods of development 
would seem to be in order to resolve this possibility. 

Alternatively, one can invoke strong physiological and 
hormonal differences between males and females to ob
tain the disparity of effect. Estrogen has been shown by 
Negulesco (4) to potentiate bone growth inhibition in 
centrifuged chicks. If the hormone acts by simply arrest
ing changes in cartilage, it may explain the generally 
more healthy appearance of the epiphyseal plate and 
thicker condylar cartilage of RE females compared to 
males. However, it does not help to explain the poorer 
preservation of the epiphysis of the femoral head in RE 
females. 

The advanced ossification of RE females compared to 
RE males may also well be a· matter of generally ad
vanced maturity. Oyama and Zeitman (5) reported de
pressed plasma calcium levels in rats chronically centri
fuged at 4. 7 G for 1 year. In contrast, Sannes and Hayes 
(6) reported no significant reduction at 2 G for 60 d in 
gerbils. They did report hyperactive parathyroid glands, 
indicating that calcium metabolism is affected by hyper
gravity combined with rotation, though they reported no 
differences between the stimulation in males and females. 

In sum, there is at present no certain explanation for 
the disparities of response between males and females. 
Time and further investigation will be required to settle 
the questions raised. 

Fourth, it is apparent that the influences of hyper-

gravity and rotation upon young and growing musculo
skeletal systems may be qualitatively and quantitatively 
different from those on adult animals. Comparison of our 
data with those of Amtmann, Oyama, and Fisher (7), 
and Amtmann and Oyama (3) indicates that the effects 
on younger animals are much more marked, quantitative
ly. These authors present no histological observations to 
allow an assessment of qualitative differences. 
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ORAL CHOLINE ADMINISTRATION TO PATIENTS WITH TARDIVE DYSKINESIA 

JOHN H. GROWDON, M .D ., MADELYN J. HIRSCH, S.B., RICHARD J. WURTMAN, M .D . , 

AND WILLIAM WIENER, M.D. 

Abstract We gave pharmacologic doses of choline 
to patients with tardive dyskinesia in an attempt to 
suppress involuntary facial movements. Choline is the 
physiologic precursor of acetylcholine, and its ad
ministration elevates brain acetylcholine levels in 
laboratory animals and, possibly, in human beings. 
Hence, we thought that its use could benefit patients 
with diseases like tardive dyskinesia, which is be
lieved to result from deficient central cholinergic tone. 
Twenty patients with stable buccal-lingual-masticato-

T ARDIVE dyskinesia is a choreic movement dis
order characterized by involuntary twitches in 

the tongue, lips, jaw and extremities. 1 It typically oc
curs in susceptible persons after chronic ingestion of 
neuroleptic drugs and may involve an imbalance in 
the postulated reciprocal relation between dopami
nergic and cholinergic neurons in the basal gangli
ons. 2-4 Thus, drugs that either block catecholamine 
synthesis (alpha-methyl-p-tyrosine)/·5 deplete the 
brain of monoamines (reserpine, tetrabenazine) 6 or 
antagonize dopamine's actions on synaptic receptors 
(phenothiazines, haloperidol)7 often suppress tardive 
dyskinesia, whereas drugs that indirectly stimulate 
dopamine receptors (amphetamine, levodopa) often 
exacerbate the abnormal movements. 3•8 Drugs as
sumed to increase the amount of acetylcholine within 
brain synapses (physostigmine, deanol) a lso tend to 
suppress the chorea of tardive dyskinesia, whereas an
ticholinergics (scopolamine) make it worse.3•9 

Cohen and Wurtman showed that choline admin
istered by injection10 or dietary supplementation11 in
creases blood and brain choline and brain acetylcho
line levels in rats. These increases are present within 
the terminals of cholinergic neurons12 and are associ
ated with postsynaptic effects compatible with en
hanced release of the transmitter. 13•14 In human be
ings, oral doses of choline caused both a dose-related 
rise in blood choline levels and a significant increase 
in the choline concentration of cerebrospinal fluid. 15 

These observations suggest that choline administra
tion might be useful in treating patients with diseases 
that, like tardive dyskinesia, presumably arise from 
deficient central cholinergic tone. Early reports have 
tended to support this inference. 16•17 We have exam
ined the possible utility of choline therapy in a dou-
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Committee to Combat Huntington's Disease, and Ms. Hirsch is the recipi
ent of a predoctoral trainceship [M H 05479-0 I J from the U.S. Public Health 
Service). 

ry movements took oral doses of choline for two 
weeks according to a double-blind crossover proto
col. Plasma choline levels rose from 12.4±1.0 to 
33.5±2.5 nmol per milliliter (mean ± S.E.M.; P<0.001) 
during this period. Choreic movements decreased in 
nine patients, worsened in one and were unchanged 
in 10. Thus, oral doses of choline can be useful in neu
rologic diseases in which an increase in acetylcho
line release is desired. (N Engl J Med 297:524-527, 
1977) 

hie-blind crossover study of 20 patients with tardive 
dyskinesia. 

MATERIALS AND METHODS 

We selected 20 subjects at random from a large group of inpa
tients with stable chronic buccal-lingual-masticatory dyskinesia at 
Medfield State Hospital, Medfield, Massachusetts. Each patient 
had received phenothiazines or haloperidol in the past, and 13 were 
still taking such drugs when the study began (Table 1 ). Anticholi
nergic medications (benztropine or trihexyphenidyl) were discon
tinued during the study, but the doses of all other medications, in
cluding neuroleptics, were unchanged. 

Each patient and his or her family gave informed consent for par
ticipation in the study according to the provisions of a protocol (on 
choline administration to patients with tardive dyskinesia) that had 
been approved by both the Medfield State Hospital Committee for 
Research on Human Subjects and the Committee on the Use of Hu
mans as Experimental Subjects at the Massachusetts Institute of 
Technology. 

We evaluated the severity of the chorea by counting the number 
of eye blinks, tongue protrusions, slow tongue movements inside the 
mouth, jaw closures, or lip movements visible during a 30-second 
interval. Each patient sat in a quiet private room with the ward 
nurse and two investigators, one of whom U.H.G.) was present dur
ing all examinations. The investigators counted the movements in
dependently on two separate days before the study began and made 
subsequent counts every three days thereafter. We tabulated the 
mean counts during the control periods, the second week of choline 
and the second week or placebo ingestion and scored the percent
age change as follows: -25 to +25 per cent, no change (i.e. , falling 
within the anticipated day-to-day variation); 25 to 50 per cent, 
moderately changed; and >SO per cent, greatly changed. We took 
movies of the facial movements before the drug trial and again dur.
ing the final weeks of choline and placebo administration. 

Choline chloride (150 mg per kilogram per day during the first 
week and 200 mg per kilogram per day during the second week) was 
mixed in a sweet commercial beverage (Kool-Aid) and dispensed in 
three daily divided doses. The placebo, sucrose octa acetate, was al
so dissolved in Kool-Aid (10 mg per liter) and administered in the 
same manner and volume as the choline. Both solutions tasted bit
ter, but the placebo did not impart the " fishy" odor sometimes not
ed in patients who chronically ingest choline."·" 

Half the patients received choline, and the other half placebo, for 
two weeks ; these schedules were reversed after a 10-day interval 
during which neither choline nor placebo was dispensed. The pa
tients, nursing staff and examiners were all unaware of whether a 
particular dose of Kool-Aid did or did not contain choline. 

Blood samples for choline measurements were collected from ev
ery patient before the drug trial began and on three subsequent oc
casions : during the second week of therapy, on the ninth day of the 
drug-free interval and during the second week of the crossover peri
od (the final two weeks of therapy). All blood samples were collect
ed before breakfast. During the treatment periods, they were ob
tained one hour after the subjects ingested the Kool-Aid. Serum 
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Table 1. C linical Characteristics of 20 Patients with Tardive Dyskinesia . 

CASE 
No. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

AGE 

yr 

36 

55 

38 

75 

63 

,85 

79 

66 

73 

48 

72 

80 

63 

52 

62 

37 

76 

32 

37 

66 

SEX PRIMARY 

DIA Cl NOSIS 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

F Senile dementia 

M Schizophrenia 

F Senile dementia 

F Schizophrenia 

F Mental retardation 
with psychosis 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

F Schizophrenia 

M Schizophrenia 

M Senile dementia 

M Mental retardation 
with psychosis 

F Mental retardation 
with psychosis 

M Schizophrenia 

samples were separated, frozen and assayed for choline content by a 
radioenzymatic method. 20 

RESULTS 

Before treatment, plasma choline levels ranged be
tween 8.6 and 20.5 nmol per milliliter (12.4±1.0, 
mean ± S.E.M.). During the second week of choline 
ingestion (200 mg per kilogram per day), plasma cho
line levels in blood obtained one hour after a choline 
dose increased in all patients and ranged between 
18.2 and 60. 1 nmol per milliliter (33.5±2.5, mean ± 
S.E.M., a 170 per cent increase; P<0.001 by Stu
dent's t-test). Plasma choline levels measured during 
placebo administration and at the end of the 10-day 
"washout" period did not differ significantly from 
control levels. 

Buccal-lingual-masticatory movements lessened in 
nine patients during the period of choline administra
tion; five patients improved greatly, and four im
proved moderately (Table 2). Case 1 had rapid, trem
ulous tongue movements, which virtually ceased dur
ing choline therapy. Cases 2 and 3 had slower, rolling 

SEVERITY OF Cu••ENT DOSAGE 
TARDIYE MEDICATION 

0YSKJNESIA 

mg/ day 

Moderate Thiothixene 100 

Moderate Chlorpromazine 300 
Trinuoperazine 40 

Moderate Halopcridol 15 
Phenytoin 300 
Phenobarbital 100 

Severe Thioridazine 75 

Severe Phenytoin 300 

Severe Diazepam 8 
Phenytoin 300 

Moderate None 

Severe Phenytoin 300 

Severe None 

Severe Halopcridol s 
Phenobarbital 120 

Moderate Chlorprothizene ISO 

Severe Thioridazine 50 
Diphenhydramine 100 

Mild Thioridazine 300 

Mild Chlorpromazine 100 
Phenytoin 300 
Phenobarbital 100 

Moderate None 

Mild Fluphenazine 25 

Severe Oiphenhydramine so 
Moderate Halopcridol 40 

Phenytoin 300 

Severe Phenytoin 300 
Phenobarbital 160 

Mild Thioridazine 400 

tongue movements within the mouth; these move
ments, too, were greatly suppressed during choline 
treatment, but not during placebo administration. 

Tongue movements also decreased markedly, but 
not completely, in two patients with more severe dys
kinesia. Case 4 protruded her tongue ("serpent's 
tongue") 20 times per 30 s~conds during the initial 
observation period. In the final week of choline thera-

Table 2. Clinical Effect of Choline Administration on the Buc
cal-Lingual-Masticatory Movements in 20 Patients with Tar

dive Dyskinesia. 

CLASSIFlCA TION No. or MEAN NO.OF " PATIENTS MOVElllENTS/ CHANGE• 
30SEC 

IEFOOE DUI.INC &ANOE 
CHOLINE CHOLINE 

Greatly improved 5 12.6 4.2 +74- +84 
Moderately improved 4 21.2 11.7 +41- +55 
Unchanged 10 13.4 13.6 +18--21 
Worsened 1 4.5 27.5 -511 

• + indicates, improvement.. & - worsening or the chorea. 
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py, the rate decreased to five times per 30 seconds, al
though the tongue continued to roll inside her mouth. 
(Placebo ingestion had no effect on the rate of tongue 
protrusions.) Two weeks after she stopped taking cho
line, her tongue protrusions returned to their pre
treatment rate of 20 per 30 seconds. Within a week of 
the beginning of a second course of choline treatment 
(200 mg per kilogram per day), the rate of tongue 
protrusions again decreased to six times per 30 sec
onds. 

Case 5 protruded his tongue 20 to 30 times per 30 
seconds during initial observations but did not pro
trude it at all during the second week of choline in
gestion. It continued to move inside his mouth, but 
the movement frequency decreased by 49 per cent. 

Buccal-lingual-masticatory movements decreased 
moderately (25 to SO per cent) in another four sub
jects. Cases 6 and 7 had fewer jaw movements during 
choline ingestion, but their tongue motions did not 
change. The number of jaw movements also dimin
ished during choline therapy in Case 8, although the 
frequency of her eye blinks did not change. Tongue 
and lip movements decreased during choline inges
tion in Case 9, but jaw movements were unaffected. 

The frequency of tongue movements increased 
markedly in Case 20 (from four to 27 times per 30 sec
onds) during the period of choline ingestion, but re
turned to control counts when the choline was dis
continued. Neither choline nor placebo altered buc
cal-lingual-masticatory movements in the remaining 
10 patients. 

Another patient with severe akathisia was included 
in the study; she did not exhibit facial chorea, howev
er, and is not listed in the tables. She was unable to sit 
st ill and moved her feet 30 times every 30 seconds. 
T hese movements were not altered during placebo in
gestion but nearly ceased during choline administra
tion. 

No serious side effects were encountered in any sub
ject during the course of the study. Cases 2 and 3 were 
more withdrawn than usual and possibly depressed 
during choline treatment. Three patients (Cases 4, 7 
and 15) experienced symptoms of mild cholinergic 
toxicity, including lacrimation, blurred vision, ano
rexia and diarrhea, while taking 200 mg of choline per 
kilogram per day. All the effects were dose related and 
subsided when the dosage was reduced. 

DISCUSSION 

The 20 pa tients who participated in our study a ll 
exhibited " permanent" buccal-lingual-masticatory 
characteristic of tardive dyskinesia, 1•21 and all had tak
en neuroleptics in the past (although these drugs had 
been discontinued in seven patients before the study 
began). Most subjects were elderly women who had 
taken neuroleptics for many years; the drugs and 
doses listed in T able 1 are minimal estimates and do 
not include medications received before admission to 

Medfield State Hospital. Since the onset of tardive 
dyskinesia was documented only in Case 13, it is pos
sible that some patients in the series had senile cho
rea, or the mannerisms of mentally retarded or psy
chotic patients, and not true drug-induced tardive 
dyskinesia. The variety of their responses to choline 
(nine better, one worse and 10 unchanged) suggests 
that the patient sample was indeed heterogeneous, at 
least in the involvement of cholinergic mechanisms. 
T his confusion about causes will remain a problem 
until an accurate diagnostic test for tardive dyskine
sia is found. 

Most attempts to treat tardive dyskinesia are based 
on the theory that neuroleptic drugs, by blocking in
trasynaptic dopamine receptors, cause a reflex over
activity of dopaminergic neurons, which may be due 
to increased dopamine turnover22 or to " denerva tion" 
supersensitivity. 23 Either action would excessively 
suppress striatal cholinergic neurons (which receive 
inhibitory impulses from the dopaminergic nigrostri
atal pathway24) at times of day when the blockade of 
dopamine receptors was incomplete. Although no 
therapy is completely satisfactory, numerous efforts to 
treat stable tardive dyskinesia have employed drugs 
thought to decrease the amount of dopamine released 
into central synapses; such approaches were the sub
ject of a recent review. 25 Other therapeutic strategies 
designed· to increase cholinergic tone at the next syn
apse distal to that employing dopamine have had on
ly limited success. The choline precursor deanol ap
parently does produce some benefit in a few specific 
cases26·28 but not in most others,29·30 and its efficacy 
has not been established in a double-blind study. In
travenously administered physostigmine, a centrally 
active anticholinergic drug, reportedly decreased buc
cal-lingual-masticatory movements in some patients 
with tardive dyskinesia17·31; its route of adminis
tration, however, precludes its use in chronic ther
apy. 

The demonstration that exogenous choline elevates 
brain choline and acetylcholine levels in rats10,11 sug
gests that choline administrat ion might also increase 
brain acetylcholine levels in human beings, and thus 
provide a practical way to restore deficient choliner
gic tone. Shortly after the results of animal studies 
were published, Davis et a l. described a patient in 
whom the administration of choline (16 g per day) de
creased the choreiform movements of tardive dyski
nesia. 16 The therapeutic utility of choline presumably 
arises from the ability of orally administered choline 
to elevate plasma choline levels significantly in hu
man beings, 15·32 a finding confirmed in the present 
study. 

Buccal-lingual-masticatory · movements decreased 
in nine pa tients during the period of choline con
sumption but were unaffected by the placebo. The oc
currence of cholinergic side effects in three of our sub
jects provides additional indirect evidence that exoge
nous choline enhances neuronal acetylcholine syn-
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thesis and release in human beings as it does in rats 13 

and probably accounts for the suppression of chorea 
in the nine patients who improved during choline 
therapy. The buccal-lingual-masticatory movements 
of these patients were not sufficiently different from 
those displayed by the ·group as a whole to permit 
identification of particular movements that might be 
especially responsive to choline treatmen~. The mean 
blood choline levels, both before and during treat
ment, in the patients who responded to choline did 
not differ significantly from the mean of the group as a 
whole - in nine responders, 13. 1 ± 1.4 nmol per mil
liliter before and 31.5±2.5 during treatment, and in 
the entire group, 12.4±1.0 nmol per milliliter before 
and 33.5±2.5 during treatment - nor did their age 
(63.3 years vs. 59.8 years), sex (predominantly wom
en), primary diagnosis (predominantly schizophre
nia ), or concurrent neuroleptic medication (Table 1 ). 
Intravenous physostigmine was not administered in 
the current study, but a choreic patient's response to 
this drug might help to predict his or her ability to 
benefit from choline, as another study showed. 17 

Oral doses of leci thin, the major source of dietary 
choline, may be an alternate way to treat patients 
with tardive dyskinesia. We observe that lecithin ad
ministration, like that of free choline, elevates blood 
choline levels in human subjects33

; however, its abili
ty to suppress buccal-lingual-masticatory movements 
in patients with tardive dyskinesia remains to be test
ed. 
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SUMMARY 

SUCCESSFUL TRANSFER OF ADAPTATION ACQUIRED IN A SLOW ROTATION 
ROOM TO MOTION ENVIRONMENTS IN NAVY FLIGHT TRAINING 

D.S. Cramer, A. Graybiel and W.J. Oosterveld 
Naval Aerospace Medical Research Laboratory 

Pensacola, Florida , U. S. A. 

C2-I 

Two flight students, grounded for the reason they were highly susceptible to motion sickness, completed 
their training after gradually adapting to 10 rpm, achieved by executing head movements during small step
wise increases in angular velocity. Subject 1 executed a total of about 77,000 head movements wi thin a 
period of five months and Subject 2 executed about 108,000 head movements within a period of 42 days. 
The transfer of the adaptation acquired in the l aboratory to most moti on environments aloft was good; the 
notable exception involved weightless maneuvers in the case of Subject 1: Both were on f l ight status when 
contacted recently . The opportunity was taken to assess the current motion sickness susceptibility in Sub
ject 1 in the fall of 1975. He reached our (mi ld ) motion sickness endpoint , in the rotating room, at 17 
rpm; the average endpoint i s 7-8 rpm. Some practical and theoretical implications are discussed . 

INTRODUCTION 
If a person riding in a slowly rotating room makes a head movement outside the plane of the platform ' s 

rotation , cross coupled accelerations are generated which stimul ate the vest i bular apparatus in an 
unusual way. In the stationary state, head movements are associated with a pattern of accelerations 
that produce vestibular sensations cons istent with the visual and propioceptive sensations associated 
wi th these head movements through past experience. By adding rotation , the vestibular sensations 
associated with the same head movements now include those sensations produced by the cross coupled accele 
rations . This produces a situation where the vestibular sensations are no l onger cons istent with the past 
visual and proprioceptive sensations. The subject's reactions to this unusual state can be grouped i nto 
two classes (1) . The first class consists of reflexive reactions such as nystagmus, tumbling or turning 
sensations, and ce rtain visual illusions. The first cl ass seems to be a direct response to vesti bular 
stimulation. A second class of responses less directly related to the vestibular sti mu lat i on constitutes 
the signs and symptoms of motion si ckness . Inasmuch as these signs and symptoms have their immediate ori 
gins in non-vestibular systems, one must postulate a facul tative l i nkage between vestibular and non-ves
tibu l ar systems as an important el ement in the causation of this form of motion sickness (1). The signs 
and symptoms ari sing from this unusual vestibular stimulation have been well studied and a sensitive gra
ding method is ava ilable (2). 
It has been shown that subjects who pe rform sufficient head movements at one rpm increments can asympto

matically reach high angular velocities which would otherwise be intolerable (3). By having the subject 
execute a schedule of head movements at each increment in angular vel ocity, one has a simple method of 
providing adaptation to rotation. Thi s scheme is called an incremental adaptation schedule. If the stress 
level of the incremental adaptation schedule is excessively high, the incidence of motion sickness will 
force the termin ati on of the adaptation. Although the relationship between adaptation and motion sickness 
is not well understood, it is poss ibl e , using sufficiently small increments in rpm to achieve adaptation 
without overt symptoms of motion sickness . 

Subsequent experience with incremental adaptation (4) has shown that this acquired adaptation has two 
components . The first to occur is a direction specific adaptation which decays in hours after the cessa
tion of rotation. This direction specific adaptation provides i ncreased tolerance to rotation only in the 
direction employed in the incremental adaptation schedule. It is also associated with a reduced tolerance 
to head movements at zero velocity and an even lower tolerance to head movements performed with rotation 
in the opposite direction. The rather rapid decay of the direction speci fic adaptation reveals a second 
component of adaptation which is not direction specific and decays slowly over days. Thi s second compo
nent of adaptation is not associated with symptoms at zero veloci ty and does afford increased tolerance 
t o head movements performed with rotation in the opposite direction. This second component of acquired 
adaptation is of practi cal interest since it decays slowly and is not stimulus speci f ic . 
A method of acquiring adaptation to unusual vestibular stimuli whi ch is both persistent and not stimulus 

specific could be put to i mmediate practical use . Not infrequently, student aviators are dropped from 
flight training because of repeated episodes of severe air sickness. It is reasonable to assume that in 
their situation t he stimulus level is so hi gh t hat the prompt emergence of air sickness does not permit 
the occurrence of any significant adaptation . A similar situation may be created in the laboratory by re
peatedly exposing the subject to a hi gh angular velocity without the benefit of incremental adaptat ion. 
To test t he practical usefulness of t his phenomenon, it was decided to determine whether laboratory con 
ducted incremental adaptation could be beneficial to student aviators wi th a hi story of severe air sick
ness . 

MATERIALS AND METHODS 

Subjects for this experiment were two flight students who were dropped from f light training due to re
peated episodes of severe air sickness. Both students had a life long history of motion sickness . Other 
t han the unus ual hi story of motion sickness, medical examination revealed two young, healthy adult males, 
both highly motivated to remain i n the flight program. By history and on the basis of their previous per
fo rmance in the f light program, these two students demonstrated an incidence of ai r sickness far above 
average and one would expect a high susceptibility to motion sickness . This suspicion was confirmed 
in both studens where comprehensive vestibular testin g revea led normal function with the exception of a 
very high susceptibi l ity to motion sickness . . 
The rotating devi ce used in this experiment is the Sl ow Rotation Room I (SRR) at the Naval Aerospace 

Reseach Laboratory in Pensacola, Fl orida . The expe ri ment i s conducted inside a windowless, air conditio
ned, circul ar room which i s ten feet in diameter and seven feet high. This room i s attached to a l arge , 
high mass centrifuge that i s capabl e of very smooth rotation at angular velocities from one to thirty 



reyolutions per minute (rpm) (5). 
By means of control l ed vestibular stimulati on each subject is well adapted to each increment of angular 

velocity. The rotation is provided by the SRR rotating at constant angular velocities. The vestibular sti 
mulation consists of paced head movements. In this procedure the subject sits upright and upon command 
from a tape recorder he makes head movements to the left, right, forward and backwards. As shown in Figu
re 1, the angular displacement of the head movement is controlled by the placement of pads in each direc
tion of the head movement at an angle of 45 degrees from the vertical. The subject moves his head in the 
desired direction until he lightly touches the appropriate pad. The commands from the tape recorder spe
cify a given direction every four seconds with the command to return to the upright following the initial 
command by two seconds. With this arrangement, a discrete head movement is made every two seconds and at 
the end of 480 such head movements (16 minutes) the subject is given a th ree to five mi nute rest period 
during which he sits quietly with his head in the upright position. The incremental adaptation schedule 
will be designed on a daily basis by the authors with the objective of keeping the stress level as high 
as poss ible yet avoiding significant motion sickness. Measurements of the tumbling ( "giant hand") il lu
sion wil l be made at each new increment of angular velocity to estimate the intensity of the vestibul ar 
stimulation. The severity of motion sickness will be measured continually using a previously described 
grading system (2), which is summarized in Table 1. At the end of each daily rotation, head movements 
wil l be immediately conducted at zero velocity to assess the level of acquired direction specific adapta
tion. It has been proposed that the acquired adaptation which is not direction specific is continually 
overtaking yet always lagging behind the acquisition of direction specific adaptation (4) . If a subject 
performs sufficient head movements at a given angular velocity, he can then continue his head movements 
at zero velocity without any incidence of motion sickness. This occurs, presumably, because he has con
tinued his adaptation to the rotating environment for a period of time long enough to permit the decay 
of the more transient direction specific adaptation to occur, even as he is rotating. If the stress l e
vel is properly adjusted, the subject will display minimal illusions at each new increment in angular 
veloci ty and will transiently develop no more than one or two motion sickness points throughout rotation . 
At the conclusion of rotations the subject should remain essentia l ly asymptomatic during the head move
ments at zero velocity. If the stress leve l is excessive the illusions wil l be more prominent, the motion 
sickness more severe, and the postrun head movements wil l elicit frank motion sickness. Each subject be 
gan at one rpm and worked his way to ten rpm as quick ly as possible. 

RESULTS 
The first attempt at adaptation was conducted with Subject 1, whose motion sickness susceptibility was 

somewhat lower than that of Subject 2. These results are displayed in Table 2. This fi rst experiment was 
conducted over a seven day period and involved rotation on six days. Rotation was always in the counter
clockwise (CCW) direction. 

On the first day Subject 1 reached 5 rpm and experienced no motion sickness throughout the day. The sub 
ject executed a total of 7200 discrete head movements. This corresponds to exactly 4.0 hours making head 
movements and was accomplished in 6.18 hours of rotation. Illusions were not prominent at each new incre 
ment in angul ar velocity . Due to a technical oversight, no postrun head movements were performed on this 
first day. 

On the second day the subject reached 6 rpm and developed no more than 1 motion sickness point while ro-
tating . He performed a total of 5760 head movements (3 .2 hours) in 6.85 hours of rotation. Illusions 
were clearly present at first reaching 5 and 6 rpm . After stopping the subject developed 5 motion si ,k
ness points in 115 head movements . 

On the third day the subject reached 8 rpm and di splayed no more than 2 motion sickness points but re
mained at 1 point throughout most of the day . He performed 6240 head movements (3 .47 hours) in 7.30 
hours of rotation. Illusions were present but not prominent . During the postrun head movements the sub 
ject developed 6 motion sickness points in 90 head movements. 

On the fourth day the subject did not exceed 8 rpm . He developed a maximum of 3 motion sickness points 
and displayed 2 points for much of the day . He performed 4320 head movements (2.4 hours) in 7.0 hours of 
rotation. Illusions were present but not prominent at 6-8 rpm. Upon stopping the subject developed 4 mo
tion sickness poi nts in 120 head movements . 

On the fifth day the subject reached 10 rpm . He displayed a maximum of 2 motion sickness points at any 
time during rotation and was asymptomati c at 10 rpm. The subject executed a total of 6720 head movements 
(3.73 hours) in 8,05 hours of rotation. Illusions were detectable but not prominent. Upon stopping t he 
subject developed only 2 motion sickness poi nts in 120 head movements. 

On the sixth day the subject spent most his time at 10 rpm. He displayed a maximum of 2 motion sickness 
points and was asymptomatic by the end of the day . The subject executed 3360 head movements (1.87 hours) 
in 4. 57 hours of rotation . Illusions were present but not prominent . Upon the cessation of rotation the 
subject developed 3 motion si cknes s points in 120 head movements. 

On the seventh and eighth days the subject was flown in an aircraft espec ially prepared for studying 
air sickness. The subject displayed normal susceptibility which was intrepreted as a significant impro
vement in his condition. Of the various maneuvers employed, the subject was most sensitive to "porpoi
sing" which involved a few seconds of w~ightlessness . Several days l ater he participated in studies in
volving zero g parabolas of 30-45 seconds duration. Here he displayed such high ai r sickness susceptibi 
lity as to indicate that the incremental adaptation had afforded little protection for this particular 
type of maneuver. 

Fol l owing the first incrementa l adaptation, periodic measurements of motion sickness susceptibility 
were made to estimate the rate of decay of the acquir~d adaptation . All of these tests were performed in 
the CCW direction, the same as that of the first incremental adaptation. At 12 days after the completi on 
of the first study, there was minimal decay in the acquired adaptation . At 33 days there was significant 
decay and at 58 days the subject has returned to his previous baseline susceptibility. 

Dissatisfaction with the incidence of motion sickness in the first incrementa l adaptation led to the 
decision to attempt a second, similar experiment . The objective was to examine the effects of lowering 
the stress level of the incremental adaptation schedule so as to reduce the incidence of ill usions and 
motion sickness while rotating. This i n turn would hopefully reduce the incidence of moti on sickness 
caused by the postrun head movements . In this design the daily head movements always started at 1 rpm. 
This second CCW incremental adaptation was started 80 days after the completion of the first . 

On the first day Subject 1 reached 3 rpm and was essentially asymptomatic throughout the day . He per
formed 3840 head movements (2 .13 hours) in 3. 50 hours of rotation. Illusions were not noted. Upon the 
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cessation of rotation, the subject developed only 1 motion sickness point in 240 head movements . 
On the second day the subject reached 4 rpm and briefly displayed 2 motion sickness 0 upon in itially 

reaching 4 rpm. He performed 3240 head movements (1.8 hours) in 3.2 hours of rotation. Illusions were not 
detected. Upon stopping the subject remai ned asymptomatic through 240 head movements. 

On the third day the subject reached 5 rpm and briefly displayed a single motion sickness point at 1 rpm . 
He performed 2760 head movements (1.53 hours) in 2.4 hours of rotation. Illusions were not reported. Af
ter stopping the subject remained asymptomatic during 240 head movements. 

On the fourth day the subject reached 6 rpm. He remained essentially asymptomatic but transiently deve 
loped 2 motion sickness poi nts after a momentary power fa i lure. The subject executed 2760 head movements 
(1 .53 hours) i n 2.4 hours of rotation. Il l usions were not reported. Upon stopping the subject developed 
a single motion sickness point in 240 head movements. 

On the fifth day the subject reached 8 rpm. He was intermittently symptomatic, displaying one or two 
points for much of the day. The subject executed 4920 head movements (2.73 hours ) in 3.95 hours of rota
tion. Illusions were not noted . Upon halting the subject developed 2 motion sickness poi nts in 240 head 
movements . 

On the sixth day the subject did not exceed 8 rpm and remained asymptomatic throughout rotation . He per
formed 2760 head movements (1 . 53 hours) in 2.5 hours of rotation. Il l usions were not noted . Upon stopping 
the subject developed 3 moti on si ckness points in 240 head movements. 

On the seventh day the subject reached 9 rpm and intermittently scored 2 motion sickness points on two 
occasions during the day . He performed 3240 head movements (1 .8 hours) in 2.85 hours of rotation . Illusi
ons were not noted. Upon the cessation of rotation the subject displayed 2 motion sickness points in 240 
head movements. 

On the eighth day the subject reached 10 rpm and he briefly displayed 2 motion sickness points upon 
initially 10 rpm. He performed 5760 head movements (3.2 hours) in 4.3 hours of rotation . Il lusions were 
absent . Upon stopping the subject remained asymptomatic in 240 head movements. 
Although the second incremental adaptation employed slightly fewer head movements than the first, the 

successful adaptation co 10 rpm was accomplished with less motion sickness and a much lower incidence of 
illusions. Provocative tests to assess motion sickness susceptibility (6) were conducted at 7 and 8 days 
after the completion of the second incremental adaptation. When compared to the earl ier baselines before 
both adaptation experiments, there was a substantial reduction in motion sickness suscepti bi lity. When 
this test was conducted in the direction opposite to that of both incremental adaptations , i.e. clock
wise, there was no evidence of transfer of adaptation to the opposite direction. This result was sur
prising since some transfer was expected. To examine this possibility in more deta il, it was decided to 
conduct a clockwise (CW) incremental adaptation . 
Subject 1 started a CW incremental adaptation 14 days after the conclusion of the second CCW adaptation 

experiment . The technique was to be the same as the second CCW experiment and the goal would be 10 rpm cw. 
On the first day the subject reached a surprising 6 rpm and displayed a maximum of 2 motion sickness 

points during the day . He performed 5760 head movements (3.2 hours) in 4.75 hours of rotation . Illusions 
were reported upon first reaching 5 rpm. Upon stopping the subject deve loped 2 motion sickness points in 
240 head movements . 

On the second day the subject reached 10 rpm. At one point he briefly developed 3 motion sickness points 
but was back to 1 point within an hour. He performed 5160 head movements (2 .87 hours) in 4.45 hours of 
rotation . Illusions were not present . Upon stopping the subject devel oped 1 motion sickness point in 240 
head movements . The subject's rapid progress to 10 rpm CW was most l ikely due to transferred adaptation 
from the second CCW experiment . 
At this point the subject was returned to flight training but due to a recurrance of a chronic sinusitis, 

he did not immediately return to f lyi ng status. Because of some difficulty in control ling this chronic 
sinusitis,, Subject 1 was temporari ly suspended from flying . However the problem finally subsided and the 
subject finished flight training with little difficulty . He is presently in an operational flying bi ll et 
and periodic follow-u p has indicated no abnormal incidence of motion sickness. In the fa l l of 1975 Sub
ject 1 briefly returned to Pensacol a and it was possible to aga in measure his motion sickness susceptibi
lity. At this time he displayed a typical (mild) endpoi nt at 17 rpm which is well above the average of 
7-8 rpm. 
The incremental adaptation of Subject 2 consists of a single, lengthy adaptation to 10 rpm CCW . Some 

difficulty was anticipated in that Subject 2 was found to be one of the most motion sickness susceptible 
individuals ever tested at the Naval Aerospace Medical Research Laboratory. The plan was essentially the 
same as empl oyed with Subject 1. The results of this experiment are displayed in Table 3. 
On the first day Subject 2 reached 4 rpm in 0.25 rpm increments. He was symptomatic almost the entire 

day, averaging about 3 motion sickness points and once reaching 8 poi nts . He executed 9120 head movements 
(5.07 hours) in 9 .5 hours of rotation . Illusions were always present and prominent above 3.25 rpm . Upon 
halting the subject developed 12 motion sickness points in 240 head movements . Although the stress level 
was intentionall y designed to be low, it was still excessive for this highly suscepti bl e subject . 

On the second day the subject did not exceed 2.5 rpm. The subject was symptomatic much of the time and 
averaged 2 motion sickness points . He performed 7680 head movements (4 . 27 hours) in 8.7 hours of rotation . 
Illusions were prominent above 1.75 rpm. Upon halting the subject devel oped 6 motion sickness points in 
240 head movements. Agai n the stress l evel was excessive. 

On the third day the subject did not exceed 1.75 rpm. Throughout the dayhQdid not devel op more than 1 mo
tion sickness point. He performed 4320 head movements (2.4 hours) in 3.25 hours of rotation . Illusions 
were less prominent than on the previous two days . Due to technical di fficulties , postrun head movements 
were not conducted on this day. 

In view of the unusually slow progress toward 10 rpm, i t was decided to attempt the incremental adapta 
tion with the use of an effective antimotion sickness drug, d-amphetamine sulfate (7,8) . 
On the fourth day the subject did not exceed 2 rpm . This run employed 10 mg d-amphetamine sulfate p.o. 

and the subject was asymptomatic throughout the day. He performed 5760 head movements (3.2 hours) in 
5.4 hours of rotation. Il lusions were present but not prominent . Upon stopping the subject remained 
asymptomatic in 240 head movements . 
Using this technique the subject graduall y worked his way to 7 rpm, reaching it on the sixteenth day. 

The subject generall y averaged one or two motion sickness points however the trend was toward greater mo
tion· sickness at higher angul ar velocities . He performed approximately 4000-5000 head movements per day . 
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I ll usions remai ned present and were occas ionall y prominent . Postrun head movements were associated with 
gradually i ncreasing motion sickness scores, reaching 8 points on the sixteenth day. At this point the 
drug was combined with the technique of starting al l dai l y head movements at 1 rpm . 

From the seventeenth through the twenty-fourth day the subject gradually worked his way to 10 rpm . 
0- amphetamine sul fate and the technique of starting all daily head movements at 1 rpm were continued . 
The subject was continually symptomatic and averaged about 2 motion sickness points dur ing each day . He 
performed about 3000 head movements per day . Illusions were almost always present but rarely prominent . 
The postrun head movements produced from 6-10 motion sickness points. 
On t he twenty-f i fth day the subject again reached 10 rpm and no drug was employed for this run. The sub 

ject di~p_layed only 1-2 moti?n sicknes~ points throughout the day . He performed 1920 head movements (1.07 
hours) ,n 2.4 hours of rotation. Illusions were present but not prominent at 10 rpm. Upon stopping the sub
ject developed 7 motion sickness points in 180 head movements . 
Subject 2 subsequently returned to f light training which he completed with no unusual difficulty with air 

sickness . He is presently in an operational f lying bi l let and periodic follow-up has not revealed any ab
normal incidence of air si ckness. 

DISCUSSION 
On the basis of the resul ts of thi s experi mental probe and the reports of other investigators {10), 

it is al t ogether l ike ly that the incremental adaptation to 10 rpm was benefi cial to the two flight 
students . Fi rm conclusi ons are difficul t to achi eve with such a l imited number of subjects . 
However, both subj ects have l ong fe l t that the adaptation experiments were of considerable aid in 
completing their f light t raini ng . It is clear that established laboratory tests demonstrate that 
these two subjects were abl e to reduce their motion sickness susceptibility while associated with the 
Laboratory. The re l ationshi p between the reduced motion sickness susceptibility upon leaving the 
Laboratory and the subsequent success in fl i ght training requires more careful examination . 

If, for example, the same tests t hat were used to measure motion sickness susceptibility before 
and after adaptation could be conti nued through flight training, then one might gai n some insight in-
to the relationship between incremental adaptation and improved f light tra ining performance . To obtai n a 
bet ter compari son , students wi th comparably high susceptibility might be paired, one receiving i ncremen
tal adaptation and the other continuing in the flight program . It would also be useful to periodi cal ly 
measure the motion si ckness susceptibility of normal students as they progress through training . It is 
probable that the motion sickness susceptibility of student· aviators as a group decreases as they progress 
through training . This effect must be considered before estimating any improvement attributed to vesti
bular adaptation. 
There are several aspects of the data which deserve additional comment. In the case of Subject 1, there 

was good transfer of laboratory acquired adaptation to flight maneuvers with the exception of those in
volving weightlessness . A possible explanation may lie in the fact that weightl essness exerts a major ef
fect upon the otolith apparatus whereas the vestibular stimuli employed in the laboratory primarily con 
dition the semicircular canals. Since one would not expect a conditioni ng process involving the canals to 
necessarily transfer to the otolith apparatus , it is then understandable that the incremental adaptation 
to 10 rpm afforded little protection against weightlessness . 
After the second CCW incremental adaptation of Subject 1, a motion sickness susceptibi l ity test fa iled 

to reveal any significant adaptation to the opposite direction. This was surprising in view of earlier 
work (9) which predicted substantial transfer. When a subsequent CW incremental adaptation was conducted, 
the rapidity of the subject ' s progress clearly implied considerable transfer from the previous adaptation 
in the opposite direction .The only explanation presently available is that this test was conducted prema
turely, before the complete decay of the di recti on specific component of adaptation. 
In the case of Subject 2, the facilitation of adaptation through the use of drugs represents an interes

ting possibi l ity that requires further investigation . Whether d-amphetamine sulfate promotes adaptabili
ty by suppressing motion sickness cannot presently be proven. With Subject 2, the decision to employ a 
drug was largely based on the desire to continue the incremental adaptation. The initial response to the 
drug was significant but due to the subject's complaints of nervousness, the dosage was gradually lowe
red. What effect increased dosage woul d have had on the increased motion sickness symptomatology above 
6 rpm is not known. 

The practical value of incremental adaptation is that it provides a method of reducing air sickness sus
ceptibility which, although time consuming, can be accomplished safely, simply, and inexpensively with 
a minimal investment in equipment. This method does not involve the elicitation of motion sickness. Al 
though the data presented here were collected on a s l owly rotating room, there is no reason why the tech 
nique could not be arranged to utilize a simple rotating chair. 

From a theoretical viewpoint, incremental adaptation represents a flexible experimental technique for 
gaining insight into the process of vestibular adaptati on. By regulating the direction of rotation, the 
angul ar velocity, and the number of head movements, the investigator can rel iably generate a variety of 
vestibul ar stress levels that range from t he subthreshold to those which are frankly provocative of mo
tion sickness. The relationship between motion sickness and adaptation i"s not well understood . It has 
been reported that adaptation can occur without incurring significant motion sickness (3) and this has 
again been shown in these results. However very little is knm~n about the circumstances promoting opti 
mal adaptation. From existing data it seems probable that motion sickness is not a necessary element of 
adaptation. This still allows the possibi l ity that motion sickness actually retards adaptation which 
would seem to explain the behavior of some student aviators. If this should be true then the present me
thod of making decisions on the presence of early or mild motion sickness symptomatology may not prove to 
be very efftcient . In the present design the presence or absence of the t umbling il lus ion was noted with 
the initial head movements at each new increment of angular velocity. Al though this information can be 
generally related to the adaptation process it is not presently clear how it alone might be used to es
tablish an incremental adaptation schedule . 

In summary, two well motivated flight students with a life long history of motion sickness were referred 
to the Laboratory due to persistent air sickness of such severity as to jeopardize their continued parti
cipation in the flight program. By executing numerous paced head movements on a rotating room of gradu
ally increasing velocity, both students substantially reduced their motion sickness susceptibility to 
the laboratory rotating environment . After developing an essentiall y asymptomatic to lerance to 10 rpm 
through the technique of incremental adaptation, they returned to the flight program. Both students com-
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pleted flight training and are presently in operational flying billets where they have experienced noun 
usual incidence of motion sickness . In these two cases it was possible to employ a recently described 
adaptation to vestibular stimu l i which permits the effective transfer of reduced motion sickness suscep
tibi l ity from the laboratory rotating env i ronment to an operational flight situation. 
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DISCUSSION 

K.E.Klein: Obviously, in the Skylab program, selection and training with respect to space sickness was not very 
effective. Would you please comment on the possible reasons for this, and on the improvemen t to be made in the 
Spacelab program, as your lack of transfer in one of your subjects of your adaptation effect to weightlessness seems 
rather discouraging. 

W.J .Oosterveld: We have to keep in mind two things: 

(I) The US astronauts were not subjected to any vestibular adaptation program. On a voluntary basis, they 
did a little flying in small airplanes, which cannot compete with a well designed adaptation program. This can 
explain the fact that more than 50% of the Skylab astronauts became motion sick. 

(2) A well designed adaptation program gives a protection to air sickness and seasickness. There is a transfer 
o f adaptation from one force environment to another. There is no reason why this transfer will not concern space 
sickness too. The coverage cannot be expected to be full , however, it will at least give a diminishing of chances to 
suffer from this. 

The results with the second subject were not discouraging. They have proved that there was a strong transfer 
of adaptation from the incremental adaptation schedule to the force environment in an airplane with the exclusion 
of direct effect of weightlessness. This means that besides an adaptation as described, the candidate astronaut needs 
training in parabolic flight too. 

G.Perdriel: Que pensez-vous de l'interet de l'electronystagmographie (E.N.G.) et de la cupulometrie (seuil de sensa
tion) pour apprecier !'aptitude d'un candidat au vol spatial? 

W.J.Oosterveld: I think that neither electronystagmography, nor cupulometry would be of interest for selecting 
candidates for space flight. 

M.P.Lansberg: The very nice experiments of Dr Oosterveld have, I feel, once again shown that motion sickness is 
an ex tremely elusive condition. His motion sick pilot adapted well but for the situation of weightlessness. Astronauts 
who were notoriously unsusceptible to motion sickness became space sick, and it has yet to be proved that an 
adaptation procedure for susceptibles that gave no protection for the weightlessness situation could prevent non
susceptible aspirant astronauts from becoming space sick. 

Concerning the question by General Perdriel, I would like to say that cupulometry, for all the good it has done 
to labyrinthology, has nonetheless no function in motion sickness physiology and pathology. Neither its sensation 
nor its nystagmus response bears any correlation for motion sickness susceptibility. 

K.E.Klein: There has been an imbalance in astronauts after returning to earth (after splash down). Could you 
comment on the possibility that this is more an effect of muscular dysfunction than an effect of vestibular 
dysfunction? 

W.J.Oosterveld: This imbalance is based more on muscular dysfunction than on vestibular effects. The vestibular 
system will rapidly adapt to the force environment on returning to earth and this is not the case with the musculature, 
which needs more time. 

:: 
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ABSTRACT 
I 

GRAYBIEL, A., and J. KNEPTON. Evaluation of a new anHnauseant drug 

for the prevention of motion sickness. Aviat. Space ~nviron. N.ed. 

The anti morion sickness efficacy of a new drug,-' AHR 5654B*, administered 

orally in 20, 50, and 100 mg doses, was compared wit~ that of 1-scopolamine 0.3 mg 

and placebo. Also included were four 11old 11 drugs; new only in the sense that dosage 

or drug combin::riions had not been ~sted previously. Promerhazine 12.5 mg and 

ephedrine 12 .5 mg were given cione and combined; the fourth drug was_ a fixed-dose 

of meclizine 50 mg ond ephedrine 25 mg. · Eight college students aged 18 to 26 years 

parHcipated as paid volunteers.· Eoch subject was tested individually in a slow ·rotation room 

'.vhere the stressfu l stimuli were s enerated by requiring the subject ro execute standard ized 

head movements ct 1 rpm increffier:rs until either the motion-sickness endpoint or the 

ceil i:ig on the test (30 rpm) was reached. ·Efficacy of the eight drugs was assessed in tenns · 

of placebo effects and cates::>rized as beneficial, inconsequential, or detrimental. The 

effects of scopolamine were beneficial in 50 per cent. of-the subjects, a litrle below 

expectation (62. 5 per cent-). Al I of the responses to the AHR 56548 drugs were i nconse

quenrial except for one beneficial effect (1 00 mg) and two det'rime:,tal responses, one 

each with doses of 20 mg and 50 mg. Among the remaining drugs none of the responses--. ........_ 

_was derrir.ienral; beneficial res2onses were 62.5 per cent for prome~l,azine 12.5 plus 

ephedrine 12.5 mg, 50 per cent for promethozine _l2.5 mg, 37.5 p~r cent for ephedrine 12.5 

/ 

mg, and 25 per cent for meclizine 50 mg plus ephedrine 25 mg. 

*The drug was provided by the A. H. Robins Company, Richmond, Virginia. 

2 
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I 
INTRODUCTION 

The new drug AHR 5645B was offered to us for assessment of its efficacy in reducing 

susceptibility to ~otion sickness. This preparation is a pyrolidine derivative unrelated 

to known drugs, ~nd ~eports ( ) indicat~. that its effects are comparable to actions 

following the administration of the phenothiazi"ne and nonphenothiazine drugs in both 

patients ( ) and. ~nimal models ( ) • _Scopolamine O .3 was used as a control. The 

opportunity was r::ken to extend our bioassay of the combination promethazine plus 

ephedrine and a -:1ew combina tion, meclizine 50 mg plus ephedrine 25 mg. 

In all of our studies dealing with the efficacy of antimotion sickness drugs stressful 

accelerations were generated by requiring the subject to execute standardized head and 

body movements out of the plane of rotation in a slow rotation room {SRR). In early 

studies the results were not valid for individuals in a group, a present-day requirement. 

Gradually a procedure is evolving that seems to have validity for the individual as well 

as for the group. A ma_jor improveme nt in methodology was devising a means of measuring 

the level of stressful stimuli as a si ngle value. A second need that had to be met was 
I 

satisfactory controls. He re we ran into two problems. The problem posed by acquiring 

adaptation was met fairly we ll by increasing the interval between tests. The second 

problem was unexplained variation in motion sickness susceptibility within individuals. 

In most subjects substan.tial variations are uncommon or exp1 icable, but in some -subjects 

we have not uncovered the cause or causes for these variations. 

3 
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SUBJECTS AND PROCEDURE I 
Subjects 

The eight male subjects 18 to 26 years of age used in this experiment were selected 

from a subject-pool solely on the basis of availability. All of the subj_ects in the pool 

were physically and fr1entally qualified for parabolic flights and assessments revealed 

normal canalicuiar, otolith and visual functions. None was selected on the basis of 

susceptibility to motion si ckness however much this ·factor infl uenced their willingness to 

serve as a subject. 

Procedure 

The stress profile. The procedure, described elsewhere in detail ( ), invol ved the -- ---
gene ration of stressful stimu li in a slow rotation room (SRR) by r~quiring the subject to 

I -· execute head moveme.nts out of the plane of the room's rotation. Forty head movements 

were executed at 1 rpm and were repeated at 1 rpm incre me nts in angula r velocity until 

either the ceiling on the test, 30 rpm, or the motion-sickness endpoint was reached. 

Assessing susceptibility ~ acute motion sickne.,ss. The observer, in collaboratio n 

with the subject, estimated the leve ls of severi ty of the symptoms after every set of 40 

head moveme nts. The levels of severity of motion sickness wer_e given numeri cal scores 

according to diagnostic criteria ( .- ) found to be satisfactory when acute experimenta l ··- ··~ 

motion sickness was evoked. The motion-sickness endpoint was slight nausea or a score of 

12 points, whiche ver c ome first. 

/ 
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Drugs and their administration . The following drugs were evaluated: 

1. L-scopolamine hydrobromide (0.3 mg) I 

2. AHR 5654B (20 mg) 

3. AHR 5654B (50 mg) 

4 . AHR 5654B (100 mg) 

5. Meclizina (50 mg)+ ephedrine sulfate (25 mg) 

6. Promethazine hydrochloride (1245 mg) 

7 . Ephedr:ne sulfate (1 2.5 mg) 

8 . Promerhazine hydrochloride (12.5 mg,)+ ephedr ine sulfate (12.5 mg) 

9. Placebo (l actose) 

Nine teen preparat ions in identical opaque capsules (eight drugs and 11 p lacebos) 

were individually sealed in small envelopes and numbered. ·The numbers on e nvelopes 

containing a drug reflected on arrangement based on a lati ~ square design of order 8. The 

administration of placebos was generous but arbitrary. Two placebos were given before 

the first and afte r the last drug was taken. In addition, seven placebos separated contiguous 

drugs in the latin square arrang ement. 

The 19 preparations for each sub ject were placed in a large, envelope and kept under 
.j 

lock and key . The two capsu les to be administered on test day we re given to the i nside 

observer who e nsu red that the subject swa llowed the capsu les , a long with a little b land 

food. 

Plan. The subjects were careful ly instructed regard ing all aspects of the experiment. 

As part of the overall assessment p rior ·to becom ing a member of the experimenta l group , 

5 
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a tesr in the SRR was cqrried out that met the need for "fomiliarizotion. 11 The tests 

in the series were carried out at approximately weekly intervals. The shortest period 

was three days and the two longest periods were 19 days (Subject 7 hod the flu) and 29 

days (Subjecr 41 S?rained his ankle); the· average was 6.8 days. On test days, subjects 

reported 2 hours. end 30 minutes prior to rotation. The routine involving inside observer 

end experiment=r comprised the following duties: 

Observer: 

l. Administered a pre-experimental questionnaire regarding the subjects1 state ·of 

heal th and ger:-aral fitness . 
:.-.·· 

2. Obtained physiologiccl measurements: 1) pulse rate, 2) blood pressure1 3) oral 

temperature, and 4) posture I equi ! ibrium using a heel-to-toe Romberg test. 

3. Conducted psychc?hysi ::al evaluations: l ) Wechsler1s digital symbol substitution 

test (DSST), 2) Graham and Ken-::all's Memory-for-Designs (MFD) test, and 3) the Clyde 

Mood Scale. 
. . 

4. Two hours before rotation ensured subject swa llow~d two capsules. 

5. Shortly before rot:rtion repeated physiological measurements. 

6. Following rotation repeated physiol ogi col measurements. 

Experimenter: ---

1. · Thirty minutes before rotation (90 minutes ofter capsu!e·s taken)_ queried suo iecr 

with regcrd to side effects of the medication. 
/ 

2. Following rotation queried ;ubject regarding the symptoms experienced. 

6 
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The method of scoring the efficacy of the drugs administered is described wi th the 

aid of findings ·in an actual experiment (Figure _LJ. · In the plot the ordinate indicates 

the motion-sickness endpoint in terms of rpm of the slow rota tion room; the rpm multiplied 

by 40 yields th~ number of head movements executed. : If the range of placebo scores is 

no greater than that shown in the ~_igure .. o mean value serves as the departure line in scoring 

the responses in three ranges. Twice the placebo range above the mean defines the entry 

into the beneficial range and the some procedure is used in defining the detrimental 

range. Every score between these ranges defined the inconsequentia l response. In two 

circumstances the a bove procedure is unsatisfactory, namely, when the placebo range 

is very sma H or great, e.g.,--greater than 2.5-3.0 rpm. In the· first instance l.:6 to 2 rpm · 

above or be low th~ mean may serve, re spective ly, for entry into the ~enefic ial and 

de trimental zones. The most common cause of a great range is the acquisition of adaptation 

effects. In this event sloping base lines are used and it m9y be necessary to divide the base

line into as many as three (ra rely more) parts . 

RESULTS 

Table I summarizes the findings. It is noteworthy that the beneficial responses 

(50%) to scopolamine 0.3 mg were a li tt le below expectation (62.5%) based on previous 
._ -;, 

studies using the same procedure ( ) • This implies that the subjects' responses to the 

drugs, as a group, might be below the average. This impli cat ion finds support in the 

greater than ave rage ind ividual variation in beneficial responses; four sub jects account ed 

for 15 of the 18 be neficial responses and nearly half were highly beneficial. 

7 
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It is immediately apparent that under the experimental conditions AHR 5654B., 

regardless of dose, was inefficacious. The one be neficial response was just a t the 

border of the inconsequential range. A table was prepared (not shown) indicating whether 

the responses to the preparations were with-in , above, or below the placebo range. When 

doses of 20 mg were given, seven of the eight responses were within the placebo range; 

one was far below (detrimental). When 50 mg doses were given, five responses were 

within the placebo range and three were below. With the administration of 100 mg doses, 

five responses were within the placebo range, two were below and one just entered the 

beneficial range. In other words, 17 of the 24 responses were not distinguishable from 

placebos. 

The combination meclizine plus ephedrine was highly beneficial in two instances 

and detrimental in one. It is important to note that in the case of Subject 5 it was the 

only drug registering a benefi cial response. In Subject 4, who manifested four beneficial 

responses, the efficacy of ~ eclizine plus ephedrine was not ex celled by any other drug 

and only equalled fol lowing the administration of scopolamrne. 

The fixed-dose combination, p romethazine and ephedrine 12.5 mg each, had not 

been evaluated pre viously and the beneficial responses (62.5%) : ere above expe ctations. 

--, 

This is based both on a comparison with responses to scopolamine in this experiment and - .... _ 

with comparisons in previous experiments. When these drugs were given singly in the 

same dose the grea_ter role of promethazine is demonstrated. 

Two subjects a ccounted for seven of the eight highly bene ficial effects, involving all 

drugs except ephedrine and the AHR preparations. Subject 3 demonstrated highly beneficial 

effects when the remaining four drugs were admini ste red. Subject 5 manifes ted inconseque ntial 

8 
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responses to all drugs except the combination meclizine and ephedrine which was highly 

beneficial. In the case of Subject 7, three of his four beneficial responses were highly 

benefici-al. 

Evidence of side effects due to administration of th~ drugs was sought by the use of 

tests and interviews. Graham and Kendall's memory-for-designs and Wechsler's digital 

symbol substitution test were administered and the findings revealed no definite evidence 

that the scores were influenced after taking a drug. Oral temperature, pulse rate, blood 

pressure and atax_ia scores indicated no definite effect ·as the result of taking a drug. 

Tab le .1I::_ indicates the frequency with_ which subjects believed they felt a drug 

effect 90 mi nutes after taking drug or placebo . This belief was based on the symptoms 

listed , in order of frequency, at the bottom of Table "J!.. • 

Three subjects (2, 5 , 7) accounted for nearly 90% of the side effects when drugs 

were administe red and over 77% when placebos were take n. Sub ject 2 was correct in his 

ide ntification, 69%, but thi s was not re fl ected in his single beneficial-response score. 

lnde ;;d , this beneficial response involved prome thazine 12 .5 IT'9 prior to which he reported 

zero symptoms. 

Subject 5 scored a single beneficial response afte r taking m7cl izine pl us ephedrine 

_w hich did not give rise to any symptoms. 

Sub ject 7 scored fou r be neficial responses and exp~rienced symptoms when P:omethazi~e 

and ephedrine were administered alone or in combi nation but not after taking scopolam ine . 

It is noteworthy that he exp';rienced symptoms on six occasions when taking placebos; five 

of the six most common ly experie nced symptoms were invo lved ofter taking e ithe r drug or 

placebo . · 

9 
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Subject 4, who did not _register a single beneficial response, had the sec6nd 

highest correct identification score . 

· In sum, the findings dealing wi_th side effe cts re veal no objective proof of 

performance decrement and the subjective evidence is equivocal for similar symptoms 

were experienced after taking drug or placebo . The findings are definite, however, 

in providing an unexpected control_, in that symptoms experienced before rotation 

were no t he lpful in disting uishing drug from placebo . 

DISCUSSION 
. . 

· Two methodological problems were e ncountered, namely, inabil ity to draw a 

highly satisfactory p lacebo base I ine in the case of fou r subjects a nd the ra ther low 

e fficacy (50%) of scopol ami ne 0 .3 ·mg , the re fere nce drugs. Fortunate ly , these prob lems 

we re easily met except in the caSc of Subject 4 by v irtue of the high effi cacy of 

promethaz ine and ephedrine a lone or in combination (80%) and the fact tha t the response 

to AHR preparations were nearly a lways in t he placebo ra nge . 

In Figure 2- is a plo t showing the responses in the case of ·:5ubject 4. · When 
- ..e».~ 

inte rviewed after completion of the experime nt he sta ted that he disliked the food furni shed 
I\. .. ~· 

a s a snack afte r taking the c apsules and the odor in the slow rotation room sometimes made 

him sic k . Unfortunate ly, these comp la ints wer~ not made during the exper iment . A gl~;ce -~ ..... 

at the Table showing the symproms he experie nced 90 mi nutes after taking t!ie capsules 

ind icates tha t he· experienced stomach awareness after taking AHR (20 mg) when a low rpm 

endpoint wa s registered a nd afte r AHR (100 mg) whe n the response was well within the 

placebo range . On a third occasion , after taki ng the second p lacebo, his mot ion sickness 

e ndpoint was the highest score prior to experime nta l day 80. ·subject 4 is a delicately 

10 
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I 
tempered, highly cooperati ve person who, after reviey1 of all assessments~rrie_d out, 

reveals a strong tendency toward inconsistency. 

. 
t ",-a . ... .. ;-..... 

The control of accelerative stimul_i_ posed no problems. None of the subjects reached 

I -

· 30 rpm, the ceiling on the test. 

SUMMARY AND CONCLUSIONS 

l. The responses after giving scopolamine 0 . 3 mg, the standard for reference, were 

below expectations (50%) implying that the responses for the group might be less 

efficacious than antic ipated. 

2. The ne w drug AHR 5654B used in doses of 20, 50 and 100 mg was not efficacious 

in preventi ng experimental motion si ckness. 

3. The· new combination meclizine 50 mg a nd ephedrine 25 mg , a lthough el iciting a 
~ 1'fu,u ~ ~ 

beneficial response in only two subjects, was not surpassedl\.by any other drug g iven . 

Moreover, it was the only beneficia l response e lici ted in one sub ject, hence deserves 

furthe r study. 

4. The heretofore untried combination of promethazine and ephedrine 12 .5 mg each 

was ou tstanding in thi s series . -.:: . 

5. The findings in this experiment point to the difficulty of identifying a high ly 

efficacious antimotion sickness drug for everyone. 

/ 
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Individual Responses* to Eight Antimotion Sickness Drugs Assessed in a Slow Rotation Room 

'-, 

P 12.5 mg M 50 mg 
+ + AHR AHR . AHR 

. % B Responses 
AlT"Eut 

s SO .3 mg E 12.5 mg P 12.-5 mg E 12.5 mg E 25 mg 20 mg 50 mg 100 mg All drugs AHR drugs 

l B B I B · I I I ,- B· 50 - - - ~ 80 

.."i ' 2 I I B 12.5 20 
·-

3 B· I ;:,,B 2 :>B·2 ;;,- B - - I D 
2 . 2 

50 80 

4 I I I . I D D I 0 0 

5 I I I 
I . 

I B2 12.5 20 

6 ·I B B B 37.5 60 

7 > 82 B >B2 >B.a I I I I 50 80 

'I 8 ·B I I B I ~ I I r· 
37.5 50 

I 

62.5 25 0 0 12.5 %B 50 

25 40 

\ 

*B = Ben·eficial 
<l, 

I = I nconsequcntial · 
\._ 

D = Detrimental 
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Symptoms Reported by Eight Subjects 90 Minutes After Taking 2 Capsules (Containing Drug or Placebo) on 19 Occasions 

Inc idence of 11 side effects11 Number of side effects Drugs involved in 3 subjects with high incidence side effects . 
BID Score 8 Drugs 11 Placebos 8 Drugs 11 Placebos AHR P 25 

s B I D No. % No. % No. % No. % 20 mg 50 rng 100 mo E 25 P 25 E 25 S .03 
- · ·-·--- .. --

4 4 0 1 13 9 2 2 

2 7 0 4 50 2 18 6 75 2 18 0 + 0 + 0 + + 

3 4 3 0 0 0 0 0 0 

4 0 6 2 2 25 l 9 2 2 

5 1 7 0 4 50 7 64 7 87 .5 11 100 + + + + 0 0 0 

6 3 5 0 0 0 2 18 0 0 2 18 

7 4 4 0 3 37 6 55 6 75 10 91 0 0 0 + + + 0 

8 2 6 0 13 2 18 1 13 2 18 
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Chapter 61 

Motion sickness in skylab astronauts 

ASHTON GRA YBIEL AND EARL F. MILLER II 
Naval Aerospace Medical Research Laboratory, Pensacola, Florida 32512 

J.L. HoMICK 

Biomedical Research Office, National Aeronautics and Space Administration, 
Johnson Space Center, Houston, Texas 77058, U.S.A. 

In Skylab m1ss10ns susceptibility to motion 
sickness was investigated under experimental 
conditions. Some crew members experienced 
motion sickness under operational conditions. 
The major findings in the first two missions 
dealing with motion sickness have been des
cribed ( 4) . This report summarizes the findings 
obtained in all three missions. 

METHODS 

Astronauts. Table 61-1 summarizes findings 
in the 9 Skylab astronauts dealing with their 
susceptibility to motion sickness in different 
motion environments and their responses dur
ing tests of vestibular function. The SL II CDR 
had participated in the Gemini V mission and, 
along with the SL III CDR, took part in the 
Apollo 12 mission which included landing on 
the moon; symptoms of motion sickness were 
not experienced. Functional tests of the vestibu
lar organs revealed no definite abnormality. A 
test (6) for grading susceptibility to motion 
sickness and yielding a single numerical score 
[Coriolis Sickness Susceptibility Index (CSSI)J 
was carried out. It was demonstrated prior to 
Skylab missions, however, that the scores ob
tained in this test do not predict susceptibility 
to motion sickness in the weightless phase of 
parabolic flight (7). Systematic studies of 
susceptibility to motion sickness in parabolic 
flight were not conducted on Skylab astronauts. 

Stimulus conditions. Under operational condi
tions the astronauts made major transitions 
from land to orbital flight, to sea, and back to 
land. While aloft, transitions were made be-

tween the command module and the workshop 
and, during extravehicular activity, between the 
spacecraft and the outer environment. During 
re-entry there were variations in G-loading that 
terminated at splashdown, followed by transi
tions from the command module to the reco
very aircraft carrier, and finally from the carrier 
to land. 

Under experimental conditions [ on and after 
mission day (MD) 8 aloft and on the ground] a 
stressful motion environment was generated by 
requiring the astronauts, with eyes covered, to 
execute head movements while in a rotating 
liccer chair (RLC) (Fig. 61-1) . The RLC could 
be revolved clockwise or counterclockwise ac 
constant velocities up to 30 rpm. Each discrete 
head (and body) movement ("over" and 
"back") through an arc of 90 deg in each of the 
4 cardinal directions (front, right, back, left, 
front) required one sec, and chis was followed 
by a "hold" for one sec in the upright position. 
Head movements in the two orthogonal planes 
were made in secs of 5 ( the forward movemen c 
was executed twice), and after each sec the 
astronaut kept his head in the upright position 
for 20 sec. 

Motion sickness endpoint. The diagnostic criteria 
for motion sickness used in the Skylab experi
men cs are described in detail elsewhere ( 5). In 
brief, the severity of motion sickness sympcoms 
was given a numerical score; 16 points and 
above comprised the range of "frank motion 
sickness." Under experimental conditions che 
diagnosis of acute motion sickness was aided by 
che close temporal relation between exposure co 
stressful stimuli and elicitation of responses. In 
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Table 61-1. HISTORY OF MOTION SICKNESS AND VESTIBULOMETRIC FINDINGS IN THE NINE ASTRONAUTS 

HISTORY OF MOTION SICKNESS CANAL FUNCTION OTOUTH 
FUNCTK>N CORIOLIS 

OG MM(lNERS SPACE SEA MOOIFIEO SICKNESS 
AIRCRAFT CANAL OCll.AR 

(NOT KC l35) FLIGHT MOO. TO HEAVY 
infflHoLD' 

FITZGERALD-
COUNTER· SUSCEPTISILITY 

SL 

n 

m 

]l[ 

ASTRONAUT AGE 
EXPERI- SYMP· EXPERI· SYMP· 

TOMS* ENCE TOMS ENCE 

cm 42 >2000 - >100 
Hr TIMES 

>l000 25-50 
SPT 40 ... 

Hr TIMES 

>2000 >100 
PLT 40 -

Hr TIMES 

>1000 >JOO 
COR 40 -·· Hr TIMES 

SPT 41 >l000 - >100 
Hr TIMES 

PLT 36 
>2000 - >100 

Hr TIMES 
-r-

>1000 •• 10·25 COR 40 -Hr TIMES 

>1000 •• >100 
SPT 36 -

Hr TIMES 

>IOOO •• >100 
PLT 43 -

Hr TIMES 

* MAXIMUM MALAISE LEVEL 

** MILO SYMPTOMS ON RARE OCCASIONS 
1 NOT APPLICABLE 

• EMESIS 

4 

4 

2 

161 

4 

4 

16 

8 

8 

EXPERI· 
ENCE 

GEMINI 
y 

APOLLO 
lil 

NONE 

NONE 

APOLLO 
XII 

NONE 

NONE 

NONE 

NONE 

NONE 

all Skylab experimen cs the motion sickness 
endpoint, moderate malaise (MIIA) having a 
point score of 5 co 7, was of very mild intensity ; 
the avoidance of more severe symptoms was an 
operational requirement. In the absence of a 
motion sickness endpoint the ceiling on the test 
was reached after 150 head movements were 
executed. 

Drugs. The astronauts in SL II and SL III 
carried with chem ancimocion sickness (AMS) 
capsules containing I-scopolamine 0.35mg +d
amphecamine 5.0 mg ; in addition co chis drug 
the SL IV crew cook along the drug combina
tion promechazine hydrochloride 25 mg + 
ephedrine sulfate 50 mg, drugs which had 
proven co be effective under experimental (10) 
and operational conditions. This drug combina
tion aces by raising the stimulus thresholds for 
eliciting motion sickness responses and is effec
tive in any motion environment. Indeed, 
preflight bioassay tests were carried out on all 6 
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astronauts, and endpoints were not reached even 
at maximal angular velocities. 

RESULTS AN D DISCUSSION 

It is convenient co present the findings 
dealing with motion sickness first under "opera
tional conditions" and then under "experimen
tal conditions." 

Operational conditions. Attention will be cen
tered on motion sickness during the orbital 
phase of the mission and will be discussed with 
the aid of Fig. 61-2. The horizontal lines reflect 
2 things. First, the periods during which the 
astronauts were based in the command module 
and in the workshop during the fuse wk in 
orbit. Second, the thickness and continuity of 
the lines indicate the onset and probable disap
pearance of symptoms of motion sickness. The 
vertical lines indicate when an AMS drug was 
taken and its composition. The administration 
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FIG. 61-1. The rotating litter chair (RLC), morion 

of drugs increases the difficulty of diagnosing 
motion sickness, hence, accuracy in diagnosis is 
greater in the absence of drug effects. 

In Fig. 61-2 it is seen that none of the SL II 
crewmen was motion sick aloft. The CDR who 
had not experienced motion sickness during the 
Gemini V and Apollo XII missions was, in all 
likelihood, the least susceptible to motion 
sickness among the 9 Skylab astronauts. He 
never took an AMS drug and was symptom-free 
under all conditions. The SPT had arranged 
long before liftoff to take an AMS capsule after 
insertion into orbit. It is noteworthy that both 
the CDR and SPT reported that while engaged 
in spinning rapidly about their long axes or 
"running" around the inside of the workshop, 
they experienced immediate re.flex vestibular 
side effects, mainly "false sensations" of rota
tion. Based on past experience, both astronauts 
expected that motion sickness would follow the 
reflex effects and were surprised by their immu
nity. The SL II PLT did not take an AMS drug 
aloft. H e was not motion sick, although he was 
aware of illusory phenomena. 

The fact that all of the SL II crewmen were 
symptom-free indicates that either there was 
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sickness rest mode and console. 

never a need to adapt or that adaptation was 
achieved asymptomatically by means of an 
unprogrammed adaptation schedule. The need 
to adapt in the case of the CDR may not have 
been present, viewed in the light of his past 
experiences in space flight. It is certainly 
possible that the SPT and the PL T needed to 
adapt, especially to stimulus conditions in the 
workshop. Assuming that they needed to adapt 
to conditions in the workshop then the adapta
tion effects acquired under the less stressful 
circumstances when based in the command 
module must have transferred to the more 
stressful conditions in the workshop. There is 
the further implication that the period required 
to acquire adaptation in the command module 
was briefer than the period duririg which 
symptoms were present in all astronauts who 
became motion sick aloft. 

The SL III astronauts were quite confident 
before their mission that they would not 
become motion sick in weightlessness and did 
not take AMS drugs as a preventive measure. 
The PLT, however, experienced mild symptoms 
of motion sickness within an hour after inser
tion into orbit. During launch he wore a space 
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FIG. 61-2. Motion sickness under operational conditions. 

suit and helmet (as did the other crewmen). He 
was not aware of any illusory phenomena on 
transition into· zero gravity. Shortly after transi
tion he removed his helmet and soon thereafter 
his space suit. It was in close relation to taking 
off the suit that the first symptoms of motion 
sickness were experienced. He took an AMS 
capsule that relieved his symptoms for a few 
hours. Later, symptoms returned and he restric
ted his activities; he deliberately avoided, 
however, taking another AMS capsule while 
based in the command module. The clear 
relation between the SL III PLT's activities and 
symptoms and the relief following administra
tion of the AMS capsule support the diagnosis 
of motion sickness, the earliest diagnosis of this 
functional disorder among space crewmen on 
record. Subsequently, after transition into the 
workshop, symptoms included nausea and 
vomiting and treatment included restriction of 
activity and the use of AMS drugs. Symptoms 
persisted for 4 or 5 days. On MD 7 he had 
"fully recovered." In brief, the SL III PL T 
demonsrrated high susceptibility to motion 

sickness after transition into orbit and adapta
tion was not achieved earlier than MD 4. 

The SL III CDR and SPT were symptom-free 
while based in the command module but during 
the activation of the workshop, about 11 h in to 
the flight, both e}!:perienced the onset of motion 
sic.kness. It is self-evident that stimulus condi
tions must have been more stressful in the 
workshop than in the command module. 
Moreover, it is a reasonable infer~nce that 
whatever adaptation was acquired in the com
mand module was inadequate to ensure immu
nity in the workshop. On MD 4 regular 
working hours were resumed, although recovery 
was incomplete. 

The SL IV crew, as a result of the incidence of 
motion sickness among the SL III crew, made 
preparations to take AMS drugs throughout the 
early days of the mission. They were given a 
choice between 2 preparations, namely, scopola
mine 0.35 mg + dexedrine 5.0 mg (SD) or 
promethazine 25 mg + ephedrine 50 mg (PE). 
In Fig. 61-2 it is seen that the PLT chose the 
PE capsule while the CDR and SPT took the 
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parabolic flight (2,7,1 2) dealing with susceptibi
lity to morion sickness, mainly for the reason 
that the exposure of subjects to che near
weightless phase of the parabolas is brief, too 
brief, indeed, to evoke significant changes in 
electrolytes either in the general circulation or 
the lymph circulation of the ear. Headward 
displacement of fluid occurs, but its influence 
on the vestibular system would seem to be 
s?1al_l, if any, in a period of 25 sec. The highly 
s1g01ficant change that does occur, however, is 
the loss of che stimulus due to gravity men
tioned above. 

PE capsule only in the evening, at once 
achieving a soporific effect and avoiding the 
alerting effect of the SD capsule. The SPT did 
not become motion sick, but the CDR and PLT 
experienced symptoms during the first 3 days of 
the mission. The CDR's symptoms were mild 
whereas those of the PL T were more severe and 
on one occasion included vomiting. Since 
drugs were employed the precise effect of 
weightlessness upon motion sickness susceptibi
lity during the early part of the mission cannot 
be assessed accurately for any of the crewmen. 

Under operational conditions in 
weightlessness, susceptibility to motion sickness 
was far greater in the workshop than in the 
c?mm~nd m odule. This is a reasonable expecta
t10n, inasmuch as accelerative stimuli were 
associated not only with active movements but 
also with passive movements that were unnatu
ral . Even more important, highly unusual visual 
inp:1ts often were experienced. Thus, the oppor
tunity was present to reveal individual differ
ences in susceptibility to motion sickness based 
not only on the motion environment but also 
on unusual interacting vestibular and visual 
stimuli. 

General agreement is lacking whether zero 
gravity should be regarded as simply another 
stressful motion environment with its own 
distinctive or unique features or if, on transition 
into weightlessness, a person experiences patho
physiological alterations that have a direct or 
indirect influence, especially on the vestibular 
system. Alterations such as cardiovascular ad
justments, redistribution of body fluids and 
changes in electrolyte balance that might affect 
susceptibility to motion sickness, either via the 
vestibular system or more indirectly, are at 
various stages along their time course imme
diately after transition into zero gravity 
(9,11,13 ). Among the possibilities just men
tioned, headward shift of fluid is the only 
etiological factor that could be effective within 
a matter of minutes, and then its role would be 
limited to that of a predisposing factor. Only if 
symptoms of motion sickness are elicited while 
the head remains fixed would it be possible 
clearly to distinguish between a so-called "vesti
bular storm" (similar co labyrinthicis caused by 
disease or injury) or the effects of an eliciting 
stimuli associ~ct d with activity. 

le is relevant to mentio n here the findings in 

In a systematic series of parabolic flight 
experiments (7) motion sickness susceptibility 
was compared in 74 healthy subject who 
executed standardized head movements while 
rotating at constant veloci ty during sequential 
weightless phases of the parabolas and during 
periodic exposures under laboratory conditions. 
In about one-fifth of the subjects susceptibility 
was approximately the same ; in about one- third 
susceptibility was increased, and in about one
half susceptibility was decreased. This decrease 
in susceptibility was substantial and in 15 of the 
35 subjects motion sickness endpoints were not 
reached. 

Prior to Skylab missions American astronauts 
did not report motion sickness in orbit (1) until 
the Apollo missions ; the incidence was 36% (9 
among 25) . Among 24 cosmonauts 4 experien
ced motion sickness aloft, an incidence of about 
17% (13) . 

All these findings strongly suggest that some 
persons,- at least , do not need co adapt to 
weightlessness per se and that som e persons do 
need to adapt. 

Motion sickness susceptibility under experimental 
conditions. The findings in the SL II mission 
(Fig. 61-3) demonstrate that the SPT and PLT 
( the CDR did not participate) were less suscept
ible to motion sickness when they executed 
head movements during rotation aloft chan 
when they did so on the ground. Preflight, on 3 
widely separated occasions, the M II A endpoint 
was consistently elicited after 30 to 60 head 
movements while chose astronauts were being 
rotated at 12.5 rpm (SPT) or 15 rpm (PLT) . 
When rotation tests were carried ouc in the 
workshop, both of these astronauts were virtual
ly symptom-free at the end of every test. 
Postflight there was no significant change in the 
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FIG. 61-3. Morion sickness symptomatology on SL II 
astronauts quantirativdy expressed in terms of malaise 
levd, as evoked by the rest parameters (rotational velocity, 

susceptibility of the SPT to motion sickness 
compared with preflight, and for the PLT, no 
significant change on recovery day + 3 (R + 3 ). 
The decrease in susceptibility manifested by the 
PL T on R + 8 appears to be merely a temporary 
change in his susceptibility, since his preflight 
scores were again approximated at R + 18 and 
R + 66. These clear-cut findings indicate that 
under the experimental conditions the SL II 
crewmen were less susceptible to motion 
sickness in the workshop than on the ground. 

The findings in the SL III mission are 
summarized in Fig. 61-4. It can be seen that all 
3 of the astronauts were virtually immune to 

experimental mo tion sickness aloft and that 
their susceptibility was lower, at least temporari-

(.) (.) (.) (.) (.) (.) 

MISSION DAY 

.... 
+ 
0:: 

co 
+ 

POSTFLIGHT 

number of head movements, and direction of rotation) 
used before, during, and after the SL II mission. 

ly, postflight than preflight. The rotation ceil
ing, 30 rpm, was tested earlier in the SL III 
crewmen than in the SL II crewmen. In the case 
of the SPT and PLT susceptibility to motion 
sickness was, probably, slightly lower during the 
first wk postflight than it was 10-12 days 
preflight. 

The findings in the SL IV crewmen are 
summarized in Fig. 61-5. Prefligh t, the ceiling 
on the test was closely approached in the case of 
the CDR and PLT and nearly reached in the 
case of the SPT. In the workshop the ceiling of 
the test was quickly reached without eliciting 
any symptoms of motion sickness. In view of 
this immunity a change in the procedure was 
instituted. A bidirectional test procedure was 
used on MD 73 and 75; at the end of a regular 
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test the astronauts were immediately exposed to 
rotation in the opposite direction. The absence 
of symptoms after reversing the direction of 
turn indicated that the astronauts not only were 
immune but also that adaptation effects had not 
been acquired (3) . Test conducted postflight on 
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R + 1, R + 2, and R + 5 revealed either very 
mild symptoms or immunity ; the motion 
sickness endpoint was not reached. On R + 17 
the PLT reached the motion sic~ness endpoint. 
On R + 31 both the PL T and SPT reached 
endpoints and the CDR scored 3 points. On 
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R + 68 the rpm was reduced to 25 rpm and 
none reached the morion sickness endpoints. 

The virtual failure to elicit symptoms of 
motion sickness in any of the 8 astronauts who 
were exposed to a stressful type of accelerative 
stimuli in a rotating chair ( on or after MD 8) 
implies that, under the stimulus conditions, 
susceptibility was lower aloft than on the 
ground, where symptoms were elicited preflight 
and posrflighr. Tfie amount of this decrease in 
susceptibility could not be quantitated because 
the "ceiling" on the test was 30 rpm. 

The difference in susceptibility between work
shop and terrestrial conditions is readily traced 
to gravireceptors ( mainly in the otoli th organs; 
touch, pressure and kinesthetic receptor systems 
possibly contributing) for the reason that stimu
lation of the canals was the same aloft as on the 
ground, and visual inpu ts were always excluded. 
If it is assum_ed that the otolirh system is 
responsible, then the absence of stimulation to 
the otolithic receptors due to gravity must have 
a greater influence than the influences of the 
transient centrifugal linear and Coriolis accelera
tions generated when head and trunk move
ments were executed in the RLC. These tran
sient accelerative forces at 30 rpm are substan
tial, and their repetitive pattern is a characteri
stic that tends to elicit motion sickness through 
summation or cumulation (8). It is reasonable 
to conclude that the effects of the "transients" 
generated aloft would be at least as unusual in 
pattern as on the ground; thus, the difference in 
susceptibility must be traced to the difference in 

G-load. The absence of gravity, causing (in the 
absence of accelerations) what has been termed 
"physiological deafferentation" of the otolith 
receptor system, would be expected to reduce 
nor only the indirect modulating influence of 
the otolithic system but also its opportunity to 
indicate the gravitational or gravitoinertial 
upright. 

CONCLUSIONS 

l. Five of the nine Skylab astronauts were 
motion sick under operational conditions in the 
early part of the mission. These incidents were 
not trivial but marked by decrement in perform
ance, slow recovery and limitations in the 
usefulness of antimorion sickness drugs. 

2. The evidence indicates that zero gravity 
qualifies as a distinct, and, in some ways, unique 
morion environment to which many persons 
must adapt. 

3. In an experiment designed to compare 
susceptibility to morion sickness aloft ( on or 
after mission day 8) with susceptibility preflight 
and posrflight all of the 8 astronauts tested 
(with eyes covered) were symptom-free at the 
end of the tests conducted alofr. The decrease in 
susceptibility is explained on the basis of the 
zero gravity stare but prior adaptation to 
weightlessness is a precondition. 

This study was supported by NASA Contract T-81633. 
Opinions or conclusions contained in chis report are 
chose of the au ch ors and do not necessarily reflect the 
views or endorsement of the Navy Department. 

SUMMARY 
The findings dealing with susceptibility co motion 

sickness in Skylab missions have demonstrated that the 
weightless spacecraft qualifies as a unique morion envi
ronment in at least three respects. First, on rransirion into 
zero g ravity, althoug h the outer environment is sraric, it 
has quasidynamic characteristics rhat induce internal 
changes char may render a person susceptible co morion 
sickness even when executing normal movements. Se
cond, zero gravity is unique in its potentialities for 
limiting natural movements and encouraging unnatural 

movements that generate stressful types of vestibular and 
visual sensory inputs. Third, under certain specific 
experimental conditions (and after a person has adapted 
co zero gravity) susceptibility co motion sickness aloft is 
lower than on the ground, a unique response in an 
abnormal environ ment. An attempt is made co explain 
the mechanisms underlying susceptibility co motion 
sickness under both operational and experimental condi
tions. 
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BHATTACHARYA, A. , C. F. KNAPP, E. P. MCCUTCHEON, AND 

R. G. EDWARDS. Parameters for assessing vibration-induced 
cardiovascular responses in awake dogs. J. Appl. Physiol.: 
Respirat. Environ. Exercise Physiol. 42(5): 682-689, 1977. -
The vibration parameters for assessing the response of the 
cardiovascular system to whole-body vibration were studied. 
Six awake, chronically instrumented canines were restrained 
with their spines vertical, and exposed to G,. sinusoidal vibra
tion of 2-12 Hz for a constant peak acceleration amplitude of 
±1.0 G. Vibration exposures of30 s with intervening recovery 
periods of 2 min were employed. The following variables were 
measured: mean heart rate (MHR), stroke volume (SV), mean 
aortic flow (MAF), mean aortic pressure (MAP), the peak net 
force transmitted to the canine/body weight (PNF/BW), and 
the vibration platform frequency (f.), displacement, and accel
eration. The percentage change from control (no vibration) of 
MAF varied linearly with PNF/BW for a ll cases. MAF also 
varied linearly with the log MHR/f. for the number of dogs 
which primarily changed MHR during the vibration expo
sures. The response of MAP was minimal in all cases, indicat
ing a decrease in total peripheral resistance with increasing 
PNF. 

circulation; blood flow; blood pressure; heart rate; awake 
chronically instrumented canines; force transmission; biome
chanics; acceleration physiology 

THE PHYSIOLOGICAL RESPONSES of subjects exposed to 
whole-body vibration can be classified into two major 
types. One category includes physiological changes pro
duced directly by the applied, time-varying acceleration 
as a function of the biomechanical properties of the 
body. This category includes the reactions of the muscu
loskeletal, large body organ, and the fluid-vessel sys
tems as determined by their mass, elastic, and damping 
characteristics. The second category includes the 
changes produced by compensatory or adaptive adjust
ments to the biomechanical stresses resulting from the 
vibration exposure. In t his category are included the 
various neural, hormonal-metabolic, and hematologic 
feedback adjustments. 

The cardiovascular system is of particular interest in 
understanding the physiological effects of vibration be
cause this system is extremely susceptible to the iner
tial forces result ing from acceleration. The fluid col
umns contained in the long, large, elastic vessels are 
especially affected by vibration. The tendency of the 
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heart to move with relative freedom about the axis of its 
attachment to the aorta and the ballistic components of 
its contraction pattern also make it susceptible to vibra
tion stress. Such perturbation in the hydraulic circuits 
of the cardiovascular system initiate multiple feedback 
mechanisms which tend to minimize the disturbances. 

Studies (2, 3, 6, 8) to quantify the response of the 
cardiovascular system to whole-body vibration have of
ten yielded inconsistent and confusing results. Part of 
this problem was due to the limited description of the 
vibration function forcing the physiological system. The 
purpose of this study was to define the vibration param
eters, or combination of parameters that show the best 
correlation with the cardiovascular responses to vibra
tion stress. Standardization of the vibration parameters 
is essential for meaningful comparison between studies. 
It is also necessary for effective evaluation of those 
aspects of whole-body vibration which may produce a 
health hazard as opposed to those aspects which have 
potential therapeutic and diagnostic implications, e.g., 
an exercise substitute for assessing cardiovascular risk 
factors. 

BACKGROUND 

Early studies of the integrated cardiovascular re
sponse of dogs to vibration were conducted by Hood and 
Higgins (6). Anesthetized dogs were restrained supine 
in a form-fitting metal frame and vibrated in the Gx axis 
(anteroposterior) at selected frequency and acceleration 
levels. They found no correlation between the cardiovas
cular response and the frequency or duration of the 
vibration exposure, but cardiac output and other repre
sentative variables increased with increasing accelera
tion amplitude. The increased cardiac output was ob
tained mainly through increased heart r ate. 

Similar results for dogs and humans were reported by 
Clark et al. (2). They measured the cardiovascular re
sponses of anesthetized dogs restrained horizontally and 
humans restrained vertically. Both were exposed to 
brief periods of vibration through the Gx axis of the 
body. Exposure durations of 90 s at 1 and 2 G accelera
tion levels for selected frequencies produced initial tran
sient decreases in arterial blood pressure, with in
creased heart rate and constant stroke volume. As an 
explanation of the initial drop in average arterial pres
sure, they suggested that displacement of the dog's thor-
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acoabdominal organs, due to resonance, stimulated me
chanoreceptors in the hollow viscera and mesentery 
which caused a decrease in peripheral resistance. The 
alterations were considered similar to those occurring 
with mild exercise. 

Previous studies of Gz vibration included those of 
Hoover et al. (8) and Dines et al. (3), using anesthetized 
dogs. They described tachycardia, decreased blood pres
sure, and total peripheral resistance and increased car
diac output for selected exposures below 10 Hz at vary
ing acceleration amplitudes (displacement held con
stant). In these studies, where table frequency and ac
celeration were the only vibration parameters mea
sured, the data exhibited considerable variability and 
poorly defined trends. 

Edwards et al. (4) used chronically instrumented, 
anesthetized canines restrained vertically and exposed 
to Gz vibration. Phasic flows in the aorta and the carotid 
and femoral arteries were measured. They reported that 
the magnitudes of the changes, in extrema, for both 
pressure and flow were proportional to acceleration am
plitude for any given frequency, with maximal effects 
occurring in the range of3-9 Hz. They also reported that 
maximal peak net transmitted force corresponded to the 
same 3-9 Hz range. Thus, the greatest effects in phasic 
pressure and flow wave forms generally occurred when 
force transmission was highest. However, no effort was 
made to analyze the influence of the transmitted force in 
producing changes in the mean values of the cardiovas
cular variables, e.g., cardiac output. 

In general, the vibration parameters measured by 
previous investigators (2, 6, 7) have not adequately 
defined the forcing function to the cardiovascular sys
tem. Thus, considerable confusion exists when results 
from different studies are compared. To help clarify this 
confusion, discussions of the vibration forcing function 
to the physiological system may be in order. 

Vibration is characterized by its frequency, displace
ment, velocity, acceleration, and wave form. While val
ues of these parameters may be used to describe the 
vibration applied by the moving platform to the subject, 
the same values may not necessarily describe the re
sponse of the subject as a whole or its individua l parts. 
Consider, for example, a subject exposed to whole-body 
vibration of 4 Hz at 1 G, (x0 = 1.55 cm, where x0 is the 
zero-to-peak platform displacement). A massless accel
erometer on the heart may measure 2.5 Gz. Similarly, 
an accelerometer on the head might measure 2 G, (x0 = 
3.10 cm), with a phase shift and wave form not only 
different from that of the platform but also from that 
measured on the heart. The responses of these two body 
segments are determined by the mass, elastic, and 
damping characteristics of the musculoskeletal frame 
through which the force from the platform is transmit
ted, the attachment of the segment in question to the 
frame, and the segment itself. In each application of the 
vibration stress, a force is transmitted through the 
points of contact between the subject and vibration plat
form; propagating through the musculoskeletal system, 
being modified as it progresses; and producing a forced 
disturbance to the internal organ and vascular system, 

which in turn elicits neural and hormonal feedback 
mechanisms. Thus, it is important to realize that the 
transmitted force is not a constant for a fixed platform 
acceleration amplitude over a particular frequency 
range (body resonance), nor is it uniformly distributed 
throughout the subject (11). 

The variable that combines the three mechanical fac
tors of vibration frequency, acceleration amplitude, and 
the resulting relative displacement of all body segments 
is the "whole-body transmitted force." Since for sinus
oidal vibration, the transmitted force wave form is ap
proximately sinusoidal or at least periodic (4), the term 
"peak" is often added to the term whole-body transmit
ted force, implying a null-to-peak measurement. This 
variable reflects the net integrated effects of the forces 
applied to the various segments of the physiological 
system and could serve as one of the best indices of 
vibration stress for correlation with the response of the 
cardiovascular system. Based on this reasoning, the 
study described below places primary emphasis on the 
relationship of peak net transmitted force to selected 
cardiovascular responses. Attention is also given to the 
time relationship between the vibration and cardiac 
cycles as another index of the response of the cardiovas
cular system to vibration. 

METHODS 

The response of the cardiovascular system to vibra
tion stress, as measured by mean aortic pressure and 
flow, was studied in six chronically instrumented, un
anesthetized canines (weight: 151.0-202.0 N). Use of the 
chronically implanted preparation was emphasized 
since it allowed comparison of repeated, awake tests on 
the same animal. Another very important advantage of 
the preparation is the greatly enhanced transducer sta
bility, especially important for the vibration environ
ment. 

Instrumentation. A variety of methods have been de
veloped to measure blood pressures and flows after re
covery from surgical implantation procedures. The in
strumentation characteristics and surgical techniques 
used in this study will be summarized briefly; detailed 
descriptions can be found in (16). 

An electromagnetic flowmeter system (Biotronex BL-
610 meter used with Biotronex or Zepeda transducer) 
was utilized for continuous measurement of ascending 
aortic flow (approximates cardiac output). Aortic flow 
was calibrated by comparison to repeated indocyanine 
green dye-dilution determinations of cardiac output 
(Waters densitometer) through implanted catheters. 
Aortic arch pressure was measured either chronically 
using a Konigsberg P-21 aspirin-type pressure gauge 
implanted through the subclavian artery, or acutely, 
using a manometer-tipped Millar PC-350 gauge inserted 
under local anesthesia through a femoral artery. 

Surgical technique. The principles of laboratory care 
as outlined by the National Society for Medical Re
search were rigorously observed. Preoperative manage
ment included thorough clinical evaluation, with chest 
X ray and hematologic data obtained routinely. 
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The surgical procedures were performed aseptically in 
the experimental surgery facilities of the University of 
Kentucky Medical Center. Thoracic implantations were 
made through an incision in the left fourth intercostal 
space. After dissection from its attachments, the base of 
the ascending aorta was reinforced with nylon curtain 
material to promote fibrotic tissue growth. This growth 
provided support to the vessel wall as well as effective 
cushioning between the vessel and the transducer. The 
aortic pressure gauge was located snugly against the 
intimal surface of the vessel wall. Tolerance to this 
placement was greatly enhanced by a thin layer of 
silicone rubber poured over the backing of the trans
ducer case prior to sterilization. Wires were exteriorized 
into a specially designed subcutaneous nylon velour 
pouch (15). It allowed access to the leads whenever 
desired without the need for local anesthesia or dissec
tion. The thoracic incision was closed in layers and the 
animal a llowed to recover. 

Postoperative management included antibiotic cover
age and particularly careful attention to nutritional, 
hematologic, and urinary factors in addition to overall 
clinical evaluation. Studies were not done unless and 
until these factors were stable at values indicating a 
satisfactory state of health. The duration of postopera
tive recovery routinely exceeded 2 wk; usually 3 wk or 
more elapsed before studies were instituted. 

Effects of vibration on transducer stability. The vibra
tory input, as used here, is associated with severe move
ment of the various internal body organs and blood 
vessels. Hence cardiovascular transducers used to mea
sure blood flow and blood pressure in a vibration envi
ronment should be sturdy and light weight, and se
curely attached to the blood vessel, to avoid artifacts 
due to relative movement of the transducer with respect 
to the walls of the vessel. To avoid such artifacts, 
chronic implants were used and transducer stability 
checked. To check the stability in the vibration environ
ment, the responses of the chronically implanted ani
mals, initially tested awake and then k illed, were com
pared for the same vibration input. Results from one 
such test are shown in Fig. l. It is evident that the 
effects of the vibration-induced, relative movement of 
the transducer with respect to the vessel wall are negli
gible. 

Vibration exciter. The vibration exciter used for this 
study was designed and constructed by Sharp (18) and is 
located in the Wenner-Gren Research Laboratory, Uni-
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FIG. 1. Response of chronically implanted instrumentation to sin
usoidal vibration (animal awake and killed). 
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versity of Kent ucky. This system is driven hydraulic
ally in a sinusoidal mode and can develop maximal 
displacement of 25 cm peak to peak, frequencies to 80 
Hz, peak velocity of approximately 200 cm/s, peak accel
eration at zero-added load to 12 G, and maximal force of 
9,900 N if required. The usual wave form for these 
studies was sinusoidal, but a wide variety of other wave 
forms was available. 

A custom-designed restraint chair in conjunction with 
load cells located immediately under the seat provided a 
signal proportional to the total transmitted force of the 
animal and chair. An adjacent accelerometer produced 
an output proportional to that component of the total 
force due only to the inert mass of the animal chair. 
Electrical subtraction of the accelerometer signal from 
that of the load cells yielded the "live load" force trans
mission, i.e. , only the force transmitted to the animal. 

General experimental protocol. The unanesthetized 
dogs were placed in the restraint chair which was ini
tially horizontal. Noninvasive sensors (ECG, rectal 
temperature) were attached, and the implanted trans
ducer leads were connected. The restraint chair was 
rotated to the vertical position and placed on the vibra
tion exciter. Dogs were exposed to sinusoidal vibration 
(GJ of 2-12 Hz for a constant acceleration amplitude of 
± 1. 0 G for 30 s with intervening rest periods of 2 min. A 
schematic of the experimental arrangement is shown in 
Fig. 2. 

Cardiovascular measurements were: mean heart rate 
(MHR, in beats/min or Hz); ascending mean aortic flow 
(MAF, equivalent to cardiac output less coronary flow, 
in I/min); and mean aortic pressure (MAP, in Torr). 
Total peripheral resistance (TPR = MAP/MAF, in 
(Torr · min/ml), and left ventricular stroke work (SW = 
SV x MAP, in Nm) were derived variables. Pertinent 
biomechanical variables, in addition to duration and 
table frequency (fi, Hz), included vibration table dis
placement , acceleration, and peak net force transmitted 
at the interface of the dog and the vibration table (PNF , 
in N). Data were recorded on strip-chart and analog 
tape recorders (Beckman, Hewlett-Packard), and proc
essed manually and automatically by computer (Ray
theon 704, IBM 1800 and 360). 

1 DISPLACEMENT 
2 VELOCITY 
3 ACCELERATION 
4 TOTAL FORCE (TF) 
5 DEAD LOAD <DU 
6 NET FORCE <NF) 

NF=TF-DL 

~~ 
I~ 

FIG. 2. Schematic of experimental arrangement for vibration 
along spinal axis of the animal (G,) . 



VIBRATION-INDUCED CARDIOVASCULAR RESPONSES IN DOGS 685 

RESULTS 

In this study, meaningful vibration parameters or 
combinations of parameters were sought which could be 
used as indices for assessing the response of the cardio
vascular system to vibration stress. MAF was chosen as 
the primary physiological variable of interest in this 
study. A dimensional analysis of the variables defining 
the present problem was employed to obtain dimension
less parameters for representing the experimental data. 
Dimensional analysis is an accepted tool (5, 13) produc
ing generalized parameters which are independent of 
physical dimensions and, oftentimes, independent of the 
special experimental conditions. The degree of interde
pendence of physiological subsystems tends to limit the 
effectiveness of the analysis technique. However, as will 
be shown later the application of dimensional analysis 
provided better understanding of the phenomena in
volved, and improved the correlation coefficients of the 
functional relationships. 

For a constant acceleration amplitude, changes in 
mean aortic flow due to mechanical vibration (MAF v) 
can be expected to be a function of mean stroke volume 
(SV), mean heart rate (MHR), forcing function (PNF), 
body weight (BW), vibration frequency (ft), and the 
subject's whole-body resonant frequency (fr). Mathemat
ically 

MAFv = MAFv (SV, MHR, PNF, BW, fi, fr) (1) 

By applying the Buckingham pi-theorem, four inde
pendent dimensionless groups (in 3 fundamental dimen
sions; length, time, and mass) were found from the 
seven variables defining the present problem. The di
mensionless groups were 

MAFv PNF 
1r = sv x MHR; F = BW x lOO; fT 

ft d f, - !! = MHR; an R - fr 

Thus, the changes in MAF under vibration can be char
acterized by the following functional equation 

(2) 

Selected dimensionless parameters given in Eq. 2 can 
be redefined for a more meaningful representation of 
the data. The percent change in MAF can be defined as 

Q = MAFv - MAFc x 100 
MAFc 

[ 
MAF" ] = SVC x MHRc - 1 x 100 = (1r - 1) x 100 

where MAFc = previbration or control mean aortic flow; 
SVc = previbration or control mean stroke volume; and 
MHRc = previbration or control mean heart rate. 
Therefore, the percentage change from control of MAF 
is characterized by the functional equation: Q (F, fT, fn), 
where dimensionless force, F, highlights the role of 
PNF; dimensionless frequency, fr, suggests the impor
tance of the time relationship between the vibration and 

with vibration frequencies near the whole-body reso
nant frequency. In general F includes the effects of 
whole-body resonance since PNF becomes the greatest 
at the whole-body resonant frequency (fr ranged be
tween 2 and 5 Hz). However, for these values of PNF, 
the cardiovascular responses seem to exhibit the most 
variability, implying the uniqueness and nonlinear in
fluence of that particular frequency. Thus, the term fn is 
included for completeness. The exact nature of the func
tional relationship between the above parameters can 
only be determined from the experimental data. 

A response of the cardiovascular system as measured 
in percent change from control (no vibration) of MAF 
(Q) is plotted versus vibration frequency (fi) for one 
animal in Fig. 3. The whole-body peak net force (PNF) 
for the same animal versus vibration frequency is also 
plotted in Fig. 3. It is obvious from the graph that the 
functional relationship of per.::ent change in MAF vs. ft, 
and PNF vs. ft are similar. Therefore, when percent 
change in MAF (Q ) is plotted against PNF/BW x 100, 
(F), a linear relationship results (r = correlation coeffi
cient = 0. 75; Fig. 4). Normalization of MAF and PNF 
significantly improved the correlation between the two 
variables. For example, the correlation coefficient for 
the relationship between absolute values of MAF and 
PNF for all categories was 0.39. However, when both 
variables were normalized the value of r improved to 
0. 70. Similar improvements in r with nondimensionali
zation were found for almost all of the tests results. 

A composite plot of percent change in MAF vs. PNF/ 
BW from the data of 10 experiments on 6 animals is 
shown in Fig. 5. The regression equation for the rela
tionship between percent change in MAF and PNF/BW 
is 0.476 (PNF/BW) x 100 + 0 with a standard error of 
estimate of ± 26. 71 % MAF and an r of 0. 7. While the 
scatter in the composite plot of Fig. 5 is relatively large, 
the individual animals showed a better correlation (r = 
0. 75; Fig. 4). Mean aortic blood pressure during all the 
experiments showed a relatively small change with re
spect to PNF/BW. 
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FIG , 5. Percentage change in mean aort ic flow versus (peak net 
force/body weight) x 100 (6 animals, 10 experiments). 

To understand more thoroughly the mechanisms as
sociated with the change in MAF as a result of vibration 
exposure, heart rate, and stroke volume responses were 
also ana lyzed. The relative contribution of heart rate 
and stroke volume to the increases in MAF exhibited 
three distinct classificat ions. In 3 of the 10 experiments 
(2 animals) MAF was increased by increased heart rate, 
with minimal or no change in stroke volume (category 
I). A typical response of one animal is shown in Fig. 6A. 
Figure 6B shows a composite plot of percentage change 
in MAF vs. (PNF/BW) x 100 for all the animals in 
category I. 

In 4 of 10 experiments (3 animals) MAF was a ltered 
pr imarily by changes in stroke volume, with little or no 
change in heart rate (cat egory II). An example of one 
animal is shown in Fig. 7A . Figure 7B shows a compos
ite plot of percentage change in MAF vs. (PNF/BW) x 
100 for all the animals in category II. 

Approximately equa l contributions from changes in 
heart rate and stroke volume were present in 3 of the 10 
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experiments (3 animals). In this category bot h variables 
correlated poorly with PNF/BW (category III). An ex
ample is shown in Fig. 8A . Figure 8B shows a composite 
plot of percentage change in MAF vs. (PNF/BW) x 100 
for category III. Like category I, MAP remained rela
tively unaltered in the other two categories . Since MAP 
was generally unchanged, and since MAF increased, 
total peripheral resistance decreased. 

The increase in MAF for the category I and II animals 
also appeared to be a function of the heart rate level at 
the initiation of the vibrat ion exposure. In those ani
mals with initial heart rates under 150 beats/min 
(MHRc) altered heart rate was the major response (cate-
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gory I); for those animals with initial heart rates above 
150 beats/min, altered stroke volume was dominant 
(category II). Initial heart rates were not the significant 
factor for those animals changing both heart rate and 
stroke volume (category III). In this category initial 
heart rates ranged from 78 to 204 beats/min. 

The dimensional analysis presented in the beginning 
of this section showed that MAF could a lso be influenced 
by t he time relationship between the cardiac and vibra
tion cycles (fT). The data of category I, in which animals 
consistently change HR, were analyzed with this obser
vation in mind and Q was found to increase linearly 
with the log 1/fT. The plotted data are shown in Fig. 9. 

DISCUSSION 

The c)langes in MAF resulting from vibration expo
sme were found to be linearly related to PNF/BW and to 
the log of 1/f.r for individual animals. Such a functional 
dependency was consistent with the results of the di
mensional analysis of the variables defining the prob
lem. 

The significance of the PNF measurement is that, in 
general, it combines the effects of vibration frequency, 
acceleration amplitude, and the deformation and rela
tive movement of body organs. These observations sug
gest that MAF responses could be reasonably predicted 
by maintaining a constant PNF for any combination of 
frequency and G level. For example, in a preliminary 
study the present authors (unpublished data) one dog 
was subjected to a constant force, i.e., constant PNF at 
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various vibration frequencies. The changes in MAF 
showed relatively little dependency on vibration fre
quency compared to the present case, where the force 
tra.,1smitted and hence MAF varied considerably as a 
function of vibration frequency, i.e., where the G level 
was held constant. When the constant force experiment 
was repeated at half the force level, i.e., PNF/2 the 
mean changes in MAF were approximately one-half of 
those seen during a force input of one PNF. These 
preliminary results and those of the present study imply 
that the cardiovascular system responds to the force 
t ransmitted in a one-to-one fashion. Detailed compari
son of these findings with the results of previous investi
gators is difficult since acceleration amplitude and vi
bration frequency were the only vibration parameters 
given. Edwards et al. (4) measured transmitted force, 
but did not analyze its influence in producing changes in 
mean values of the cardiovascular variables. 

In a related study, the effect of whole-body vibration 
on the total body oxygen consumption of awake dogs 
restrained vertically and exposed to G2 vibration was 
also evaluated (10). Results showed that changes in 
whole-body oxygen consumption induced by vibrat ion 
were directly correlatable to the peak force transmitted 
at the interface of the subject and the vibration table. 
These results add further evidence to the importance of 
PNF in describing vibration-induced cardiovascular and 
metabolic responses. 

While the stress level as measured from PNF is of 
major importance, it was not the exclusive biomechani
cal forcing function, for the relationship between the 
percent change in MAF and the log of the ratio of mean 
heart rate to vibration frequency also demonstrated a 
proportionality for individual animals. Edwards et al. 
(4), Hooks et al. (7), Laird et al. (12), Hoover et a l. (8), 
and Knapp (9) have a lso presented similar results show
ing the presence of beat patterns and emphasizing the 
importance of the phase relationship between the heart 
and vibration cycles related to changes in pressures and 
flows. However, none of the previous investigators mea-

BHA'ITACHARYA, KNAPP, McCUTCHEON, AND EDWARDS 

sured mean values of cardiovascular variables and their 
relationship to the forcing function. Hence, a true com
parison of the present data with those from other studies 
is not possible. 

The responses of the dogs in the present study were 
also dependent on the preexposure state. Variations in 
the control state associated with varying levels of ex
citement could limit the cardiovascular system options. · 
For example, with high initial heart rates (category II), 
further excitation did not lead to a very large response 
in MAF through further increases in heart rate. There
fore, increased stroke volume would be expected and 
was observed. In those animals with low initial heart 
rates (category I), altered heart rate was dominant. The 
fact that dogs of category III exhibited a combined heart 
rate and stroke volume response was not totally ex
pected, but is certainly an option available to the sys
tem. 

The plots of MAF versus PNF/BW and log 1/f.r , in 
general, describe only the functional relationship be
tween the input forcing function (vibration) and the 
output (physiological response) of the "system" in ques
tion without giving any direct clue regarding the mech
anisms involved. In an effort to estimate the relative 
contributions of the hydraulic (purely mechanical) and 
physiological (combined effects of neural, humoral, and 
metabolic feedback pathways) mechanisms responsible 
for the vibration-induced cardiovascular responses, the 
findings from an analog model study conducted by 
Knapp (9) will be summarized. An analog model incor
porating only the hydraulic properties of the cardiovas
cular system when subjected to a vibrat ion input-pro
duced wave forms and beat patterns of the cardiovascu
lar variables, qualitatively similar to those seen in ani
mal studies. However, when the input of vibration fre
quency and acceleration level with a constant heart rate 
was used, the model did not produce comparable 
changes in mean values of aortic flow as those measured 
in the intact animal. When actual heart rate changes 
and transmitted force data from the animal experiment 
were used as the input forcing function to the comput er 
model , about 25% of the MAF increase measured during 
the animal experiments could be accounted for by the 
hydraulic model. This finding indicates that of the 
changes in mean aortic flow measured in animals (0.5-3 
G) approximately 25% or less was due to the react ion of 
the fluid-vessel (hydraulic) system, with the remaining 
approximately 75% due to neural and metabolic influ
ence. 

The importance of neural pathways excited by whole
limb vibration was also indicated by the work of Liedt ke 
and Schmid (14). Peripheral vasodilation in the vibrated 
intact limb of anesthetized dogs was much greater than 
in the same limb following denervation. Neural media
tion appears to be a far more important determinant of 
vibration response than direct hydraulic, metabolic and 
humoral effects. The power of this regulation is appar
ent in the stage of preparation for exercise, a predomi
nantly neural process most closely simulated by hypo
thalamic stimulation (17). However, evidence of sus
tained cardiovascular responses to the vibration expo
sure presented by Bhattacharya (1) implies that the 

C 



VIBRATION-INDUCED CARDIOVASCULAR RESPONSES IN DOGS 689 

induced response is not merely an alerting phenome
non. In other words, the vibration-induced response of 
unanesthetized animals is due to a combination of an 
alerting phenomenon and a possible sustained modula
tion of afferent sensory information from various me
chanoreceptors. 

In summary, the peak net transmitted force has been 
shown to be a major variable in determining the vibra
tion-induced cardiovascular response of dogs restrained 
vertically and exposed to brief, whole-body sinusoidal 
vibration applied along the spinal axis. Such standardi
zation of parameters should help in meaningful compar
ison between studies. The fact that MAF also depends 
on the ratio of mean heart rate to vibration frequency 
suggests the importance of the time relationship be
tween events in the cardiac and vibration cycles. The 
implications of this finding could be important for fu-
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GRAYBIEL, A., J. KNEPTON, and J. SHAW. Prevention of experi
mental motion sickness by scopolamine absorbed through the 
skin. Aviat. Environ. Med. 47(10):1096-1100, 11976. 

A double-blind placebo-controlled study compared the efficacy 
of the antimolion sickness· drug scopolamine when administered 
by oral or transdermal routes. A secondary purpose was to ex
tend our bioassay involving fixed-dose combinations of the 
bomergii: drugs prometbazine and ephedrine. After receiving 12 
apparently identical drug-placebo treatments, eight normal male 
students were exposed in a slow rotation room to stressful 
accelerations generated by their execution of 40 ·bead movemen1s 
out of the plane of the room's rotatjon at 1 rpm and at 1-rpm 
Increments until either symptoms were experienced Gust short of 
frank motion sickness) or ~he 27-rpm ceiling on the test was 
reached. Efficacy -0f a drug was defined in terms of the placebo
range and categorized as beneficial, inconsequential, or detri
mental. The rank order of drugs with beneficial effects was: 
1) promethazine 25 mg plus ephedrine 12.5 mg (86%); 2) scopol
amlne by mouth (75%); 3) scopolamine transdennally (63%); 
and 4) promethazine 12.5 mg plus ephedrine 25 mg (29%). The 
only detrimental effect was with scopolamine given orally. lt is 
concluded that the advantages of the transdermal scopolamine, 
which include minimal side effects and prolonged effectiveness, 
deserve full exploitation. 

I N A RECENT report (1)' a method was described 
for measuring the efficacy of antimotion sickness 

drugs on an individual basis, and the findings revealed 
far greater individual variations in drug effects than 
hitherto suspected. Indeed, for some persons a satis
factory remedy was not identified while for others the 
responses to all drugs tested were beneficial. The chief 
purpose of the present report is to compare the results of 

From the Naval Aerospace Medical Research Laboratory. This 
study was supported by the Bureau of Medicine & Surgery, 
Project MF5l.524.005-7015 and the National Aeronautics and 
Space Administration, Contract T-5904B. Opinions or conclusions 
contained in this report are those o[ the authors and do not 
necessarily reflect the views or endorsement of the Navy De
partment. 

ad~inistering scopolamine · orally and by a device that 
permits absorption, transdermally, directly into the cir
culation. An additional purpose is served by continuing 
our studies dealing with the efficacy of the two homergic 
antimotion sickness drugs, promethazine plus ephedrine. 

MATERIALS AND METHODS 

Subjects: Eight college students, 19-24 years of age, . 
participated as paid volunteers. They were chosen from 
our group of some 40 subjects on the basis of avail
abili-ty. The entire subject pool was selected on the 
ground that they could qualify for tests in parabolic 
flight; none was rejected for reasons of susceptibility to 
motion sickness. In addition to a medical · evaluation, 
assessments included a test for: a) otolith function-

. ocular counter-rolling-(2); b) canal function-modi
fied Fi-tzgerald-Hallpike procedure-(3); and c) postur
al equilibrium ( 4). 

Stress Profile: The procedure, described elsewhere in 
detail (5), involved the gener~tion of stressful stimuli 
by requiring the subject to execute head movements out 
of the plane of rotation of a slow rotation room (SRR). 
Forty head movements were executed at 1 rpm and 
were repeated at 1-rpm increments in angular velocity 
until either the ceiling on the test, 27 rpm, or the motion 
sickness endpoint-first appearance of slight nausea or 
a score of 12 points-was reached. All rotations were in 
the counterclockwise direction. 

Scoring: The observer, in collaboration with the sub
ject, estimated · the levels of severity of the symptoms 
after every set of 40 head movements. The_ levels of 
severity of motion sickness were given numerical scores 
according to diagnostic .criteria ( 6) found to be satis-

. factory when acute motion sickness was evoked. 
Drugs and Administration: The following drugs were 

evaluated: 
1. Transdermal therapeutic system-scopolamine 

(TIS-scopolamioe). 
2. / -scopolamine hydrobromide (0.6 mg). 
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•Fig. 1. Schematic diagram of a transdermal therapeutic 
system (not to scale). 

3. promethazine hydrochloride (12.5 mg) +· ephed
rine sulphate (25 mg). 

4. promethazine hydrochloride (25 mg) + ephedrine 
sulfate (12.5 mg) . 

The TIS-scopolamine and the transdermal device 
(ID)-placebo are identical in appearance; the disc ap
plied to the skin is 0.15 mm thick and 11 mm in diam
eter. The TIS-scopolamine (Fig. 1) is designed to re
lease the drug at a predetermined rate for apout 72 h. 

The subjects were fitted into two modified 4-1.mit 
Latin-square designs, and placebos were alternated with 
drugs except at the beginning and end of the experiment, 
when two placebos· were -administered consecutively. 

Efficacy: Drug efficacy was deemed beneficial, in
consequential, or detrimental in terms of the response 
as compared with the placebo responses. The first step 
was to determine the range of placebo scores in terms of 
the extremes in revolutions per minute when placebo 
endpoints were reached. Usually a mean placebo base
line could be defined within this range, and the in
consequential range was defined as twice the value above 
or below this line. Values above and below the in
consequential range, respectively, w~re deemed bene
ficial or detrimental. Quite often the placebo range was 
influenced by adaptation effects; hence, ·sloping base
lines were used. 

Under two circumstances the above procedure was 
unsatisfactory. Rarely, a placebo baseline was virtually 
or actually flat (i.e., a range of zero) in which event 
an arbitrary inconsequential range ( ± 20%) was defined. 
Also, rarely, the revolutions-per-minute ceiling on the 
test was reached when a placebo was administered; this 
phenomenon vitiated the results in two tests involving 
one subject in this series. 

Plan: Each subject was tested at the same time of 
day and on the same day of each week for 11 successive 
weeks; 15 tests out of a total of 88 were not exactly 
7 d apart (range 4 to l_l: mean 7). Each subject re
ceived an identical treat_ment regimen. The afternoon 
before each test, the subject completed a preexperimen
tation questionnaire to establish his suitability for par
ticipating in the test; pulse rate, blood pressure, and oral 
temperature were measured. At that time, a TIS
scopolamine or a TD-placebo was applied to the skin 
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The following day, the subject reported approximate
ly 2.5 h prior to the scheduled time for the test. He 

. again -completed an identical questionnaire; pulse rate, 
· blood pressure, and temperature were taken; and a 
"sharpened" Romberg (ataxia) test . ( 4) was admin
istered. Then he was asked whether he considered he 
had received any medication from his skin patch ap lied 
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the previous day. Two hours before the planned suscep
tibility test the subject, after · a light snack, swallowed 
two capsules containing medication or placebo. Thirty 
minutes prior to testing ( 1.5 h after oral medication) 
each subject was que·stioned as to whether he considered 
he had received any medication -in his oral capsules. 
Heart rate, blood pressure, and temperature were then 
monitored again, the subject voided, and the urine was 
discarded. 

On completion of the susceptibility test in the SRR, 
the subject was again questioned regarding side effects, 
and the physiological measurements and the Romberg 
test were repeated. The subject voided and all of the 
urine sample was frozen. The TIS was then removed 
and the site inspected. The urine samples were sent to 
the Alza ·laboratory where the scopolamine excretion 
was reported as µg/ h. 

RESULTS AND DISCUSSION 

Table I summarizes the findings, comparing not only 
the efficacy of TIS-scopolamine with a dose of 0.6 mg 
taken orally, but also the urinary excretion rates in 
micrograms per hour. 

Only Subject 12 reached the 27-rpm ceiling on the 
test when the drug was given transdermally, and it is 
noteworthy that his urinary excretion rate was below the 
average for the entire group. Subjects 9 and 32 reached 
the rpm ceiling in the test and Subject 1 was only 1 rpm 
short when scopolamine was administered oraJly. With 
TIS-scopolamine, the increase in rpm over the placebo 
level was zero in Subject I (who had one of the highest 
excretion rates), 7 .0 rpm in Subject 9 ( who registered 
the lowest urinary excretion rate among the entire 
group), and 2.9 rpm in Subject 32 (an inconsequential 
response) . Two inferences may be drawn; namely, the 
dose of TIS-scopolamine was too small for maximal 
.benefits, and the urinary excretion rates were not a 
reliable guide. 

Among the remaining four subjects, three registered 
beneficial effects when the drug was administered trans
dermally but only two when given by mouth. Subjects 
26 and 30 registered much higher rpm endpoints with 

oral administration, implying the TIS dose was inde
quate for maximal benefit. Subject 26 had one of the low
est urinary excretion rates (0.159 µg/ h) and Subject 30 
the highest (0.646 µg/h) when the drug was adminis
tered transdermally. Subject 34 manifested the only 
detrimental effect which followed oral a<;lministration 
but scored a 3-rpm increase with the TTS preparation. 

With regard to side effects following administration 
of TIS-scopolamine, one subject reported "dry mouth" 
and one other "insomnia," compared with six com
plaints by two subjects when the TD-placebo was ap
plied. When scopolamine was given orally, there were 

· 22 complaints made by seven subjects. With placebo 
medications five subjects made 27 complaints (see later 
section on Side Effects). 

The results with TfS:-scopolamine are highly encour
aging for three reasons. First, the delivery system 
"works," and if the quantity administered had been 
doubled the responses in nearly all of the subjects tested 
might well have been beneficial. Second, the steady-state 
administration over a prolonged period is frequently 
desirable. Third, the side effects are far less than with 
the oral preparation. One potential disadvantage is the 4 
to 6 h required for the steady-state administration to b e 
achieved. 

In the past, a usual dose of scopolamine by mouth for 
children was 0.3 mg (7) and for adults o.·6 mg ( 8.-13) 
or 1.2 mg (8,14-15 ). But it has been demonstrated 
( 1, 10, 15 ) that 0.3 mg has equally beneficial effects in 
adults except in a few instances. Studies by Brand and 
Whittingham (16), who used intramuscular scopola
mine, have indicated that the amount of a drug ad
ministered can be reduced, so that the peripheral side 
effects are minimized, yet a high degree of protection 
against motion sickness. can be maintained. This finding 
raises the possibility that the central antimotion sick
ness effects of scopolamine may be manifested in as
sociation with systemic blood levels lower than those 
required to elicit the peripheral p arasympatholytic ef
fects accompanying conventional dosage forms of the 
drug. 

Continuing Study on Efficacy of Two Homergic Drug~_ 

TABLE II. A COMPARISON OF TWO FIXED-DOSE ORAL COMBINATIONS OF 
PROMETHAZINE AND EPHEDRINE 

Promethaz.ine ( 11.5) + Ephedrine (25 mg) Promethazinc (25 mg) + Ephedrine ( 12.5 mg) 
% Significance % Significance 

rpm Change Change of Change rpm Change Change· of Change 
Subj. Placebo Drug in rpm rpm in rpm• Placebo Drug in rpm rpm in rpm* 

1 12.6 11.5 - 1.1 - 9 I 12.6 22.0 + 9.4 + 75 B 
8 9.6 10.4 + 0.8 · + 8 I 9.6 13.4 + 3.8 + 40 B 
9 23.0 23.0 0 0 I 15.0 22.0 + 7.0 + 47 B 

12 >27.0 >27.0 >27.0 >27.0 
26 3.9 4.8 + 0.9 + 23 I 3.8 ·5.8 + 2.0 + 53 B 
30 7.8 20.0 + 12.1 +1 56 B 7.8 23.4 +1 5.6 +200 B 
32 14.1 19.0 + 4.9 + 35 B 14.I > 27.0 >+12.9 >+ 91 B 
34 17.0 16.0 - 1.0 - 6 I -13.0 12.0 - 1.0 - 8 I 

------------------------ -----------------------
n - 7 B: 29% n - 7 B: 86% 
X.,. +2.4 I : 71% X ~ >+7.1 I: 14% 

D: 0% D : 0% 
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--Comparison of two fixed-dose combinations of pro
methazine and ephedrine: Table II compares the re
sponses when, instead of a fixed-dose of promethazine 
plus ephedrine (25 mg each), the amount of pro
methazine was halved in one test and that of ephedrine 
halved in the other. Unfortunately, Subject 12 reached 
the 27-rpm ceiling on the test with a placebo prior to 
testing for efficacy of the promethazine plus ephedrine 
combinations. This reduced the sample to seven, with · · 
consequent effect on the percentage of beneficial re
sponses to promethazine plus ephedrine. 

When the amount of promethazine was halved (Table 
II, left), responses of two of the seven subjects were 
beneficial and none was detrimental; when the amount 
of ephedrine was halved, the responses of six subjects 
were beneficial and one was inconsequential. The bene
ficial responses in Subject 30 were unexpectedly large-
an increase of + 12.1 rpm when the amount of prometha
zine was halved and 15.6 rpm when ephedrine was 
halved; the latter was the largest percentage gain re
corded in the entire study. 

Additional Findi,ngs Involving All Tests-Physiologi
cal measurements: As a result of wearing the TIS
scopolarnine for 14 to 20 h there was a significant de
c rease in heart rate (Table III). Similarly, 90 min after 
oral administration of scopolamine there was a signifi
cant decrease in heart rate. Neither dose combination of 
promethazine plus ephedrine produced a change in heart 
rate. There was no significant change in blood pressure, 
pulse pressure, or oral temperature as a result of ad
ministering any of the medications. 

Side Effects: Side effects reported by the subjects are 
listed in Table IV. The most noted effect was ·that of 
drowsiness, but the main documentation of this effect 

followed placebo medication. After oral scopolamine, 
many adverse effects were reported, including impaired 
coordination and impaired concentration. The only re
ported side effects with application of the TI'S-scopola-

TABLE III. SUMMARY OF HEART RATE MEASUREMENTS 

Promethazine Promethazinc 
(12.5 mg) (25 mg) 

+ + 
TTS-scopolamine Scopolamine Ephedrine, Ephedrine 

(oral) (25 mg) (12.5 mg) 
Control Test Control Test Control Test Control Test 

Subject Day• Dayt Day• Dayf Day• Dayt Day• Dayt 

Heart Rate (beats/min) 

1 72 S8 so 48 46 so 52 S8 

8 74 52 60 42 56 62 S8 60 

9 60 S6 70 56 80 90 68 · 70 

12 82 68 80 60 76 68 88 82 

26 S4 46 52 S6 52 SB 66 62 

30 62 62 64 54 60 68 84 66 

32 76 54 60 so 64 62 78 70 

34 64 S6 72 68 72 94 70 80 

t§ 4.1 5.2 -1.85 0.64 

p 0.01-0.001 <0.001 D.S. n.s. 

•control measurements obtained at same time of day during evalua
tion of previous week's placebo medications. 

tHeart rate monitored prior to administration of capsules; 14-20 h 
after skin applications. 

tHeart rates monitored 90 min. after administration of capsules; 
30 min before test ntn. 

§Paired t-test analysis. 

TABLE IV. REPORTED SIDE EFFECTS FOLLOWING MEDICATION. 

Number of Observations Recorded Throughout the First Eleven Runs of the Study• 
Placebo Medications Active Medications 

Effect Reported 

Drowsiness 
Dry mouth 
Dizzinesi; 
Headache 
Lightheaded 
Stomach awareness 
Blurred vision 
Eye disorder 
Coordination impaired 
Concentration impaired 
Reactions slow 
Increased temperature 
Insomnia 

T-;;i comments 
Number of subjects 

making comments 
Number of questioning periods 

Transdermalt 
Device-Placebo 

2 

1 

1 
1 
1 

6 

2 
80 

,· 

Oralf 
Capsule 

8 
2 
1 
2 
4 
3 
1 

2 
2 
1 
1 

27 

s 
64 

TTS 
Scopolaminet 

1 

1 

2 

2 
8 

Scopolamine 
(0.6 mg)f 

2 
2 
3 

4 
1 
2 
1 
3 
3 
1 

22 

7 
8 

• Each of the eight subjects was questioned twice during each of the 11 medication schedules. 
tSubjects were questioned IS min before oral medication. 

Promcthazinet 
(12.5 mg) 

+ 
Ephedrine 
(25 mg) 

1 

1 

2 

2 
8 

Promethazinet 
(25 mg) 

+ 
Ephedrine 
(12.5 mg) 

3 

1 

4 

3 
8 
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mine were one instance each of dry mouth and in
somnia. Four subjects reported drowsiness following ad-
ministration· of promethazine and ephedrine; in one in
stance when promethazine was halved and in three when 
ephedrine was halved. 

Comment: The great inter- and intraindividual varia
tions in responses with respect to the chosen drug and 
with the amount administered highlight the findings. 
With scopolamine, urinary excretion rates often corre
lated poorly with efficacy, indicating that other factors 
must be explored if these variations are to be explained. 
For practical reasons attention might center on subjects 
in whom excellent or highly satisfactory responses were 
not obtained. Expanding the scope of drugs administered 
and searching for defects in the experimental design are 
two lines of direction that can be explored fairly quickly. 

CONCLUSIONS AND RECOMMENDATIONS 

I. TTS-scopolamine has a place in the prevention of 
motion sickness if the dosage is doubled over that tested 
in the present study. The advantages are: a} the small 
amount required, with consequently small likelihood of 
troublesome side' effects; b) . the · prolonged steady-state 
level of activity; and c) the ease of administration. Some
times it may be used as an adjunct in treatment, but the 
4 to 6 h required to reach full efficacy has a self-evident 
limitation. The possibility of increasing the efficacy of 
TTS-scopolamine by oral administration of another 
homergic drug should be investigated. 

2. Scopolamine (0.6 mg) administered orally is highly 
efficacious in most, but not all, subjects. It is not suitable 
for long-term use. 

3. Promethazine (25 mg) plus ephedrine (12.5 mg) 
may .prove to be the ideal combination for general use of 
these two homergic drugs. This combination is suitable 
for long-term use. 

4. The most striking phenomena were the great inter
and intraindividual variations that involved a) drug 
efficacy, both absolute and dose-related, and b) side 
effects. 

5. Trying to account for these individual variations is 
a worthwh_ile scientific objective. 
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KC-135 Category I: Findings in 14 of 18 Members of 1st Pool of 40 Subjects 

In Seat 
Head Fixed Head Move 
No. D. No . 

Subj. Tests Cat. Tests 

2 No 8 

2 2 No 

4 2 No 5 

5 3 No 3 

6 2 No 2 

7 2 No 6 

8 2 No 2 

9 5 No 4 

12 2 No 4 

14 3 1 = II 3 

15 2 No 

16 2 No 

17 2 No 6 

18 3 No 7 

* Zero-gravity parts of parabolas. 
** P & E 25 mg each 

-

D. 
Cat. 

No 

No 

2 = II 

No 

No 

No 

No 

No 

l = II 

No 

No 

No 

l = II 
2 = Ill 

t On two occasions direction of RLC reversed . 

Rotat ing 30 RPM 
Head Fixed Head Move* 
No. D. No. D. Eff. Drug** (M; S pts) 
Tests Cat . Tests Cat. Head Fixed Head Move 

2 No 4 2 = 111 ,+. Not tried 

3 :1= No - Not tried 

3 2 =II+ Not tried 
l = 111 

3 111 2 111 + 2, 0 l, 8, 6 
3 l 

No No -
No 1 No 

No 111 -t-

II 111 -f Not tried 

2 l = 111 111 't Not tried 

No No - -



Responses of 16 Subjects to Administration of Antimotion Sickness Drugs in 

Two Experiments Carried out in a Slow Rotation Room 

Experiment I 

Response of 8 Subjects to T ransderma I 
Therapeutic System-Scopolamine, 
Scope I amine 0 . 6, Promethaz i ne 25 + 
Ephedrine 12.5, and Promethazine 12.5 + 
Ephedrine 25. 

Beneficial Rank 
Subj. >B2 B2 B <B 

1 2 2 

8 1 1 2 

9 4 

12 4 

26 l 3 

30 3 l 

32 2 l 1 

34-1 st 1 3 

34-2nd 1 1 2 

Experiment 11 

Response of 8 Subjects to AHR 20, AHR 50, 
AHR 100, Scopolamine 0.3, Meclizine 50 + 
Ephedrine 25 , Promethaz i ne 12 .5 + 
Ephedrine 12 .5, Promethazine 12.5, and 
Ephedrine 12.5. 

Beneficial Rank 
Subj. >B2 B2 B <B 

3 1 7 

7 8 

41 2 6 

43 1 7 

44 3 l 4 

45 2 l 5 

46 l 7 

57 2 6 



s 
l 

2 

3 

4 

5 

6 

7 

8 

25 

26 

27 

28 

29 

30 

3l 

32 

Susceptibility to Motion Sickness in 40 Subjects with Head Fixed 
In First Two Flights in KC-135 

Motion Sickness Points Motion Sickness Points Motion Sickness Points 
Test l Test 2 s Test l Test 2 s Test l Test 2 

0 +O 9 0 + l 17 FS 

FS 10 FS 18 0+0 
FS 11 0 + l 19 FS 

FS 12 0 + 0 20 5+0 
0 + 0 13 6 + 0 21 10 + 4 
5+5 14 O+O 22 FS 

0 + 13 15 l + 4 23 FS 

0 + 2 16 FS 24 4 + 2 

0+9 33 FS 

9 + 0 34 O+O 

5+15 35 0 + 0 

7 + 13 36 0+0 

8 + 3 37 5 + 6 

10 + 3 38 FS 

10 - 0 39 l + l . 

3+0 40 l + l 



Respo nses to Admini strati on of Drugs Prior to Parabol ic Fl ight in 13 High ly Susceptib le Sub jects 

P 25 + E 25 
Si t 

Head Fixed Head Move.* 
M; S Score M; S Score 

Cat. s Pts Pts 

111 2 FS 

111 3 6, 11, 6,4, 1,5 Abo rt 11 par . 

111 4 FS,F S, 3, 10, FS, FS, FS 
3, FS 

111 19 0,6,0,3, FS,0 

Ill 16 5, 2 

111 17 o, 0 , 1, 4 

111 22 3,7, 8,6, 4,4, 6 

Ill 33 5, FS, 8, 6, 9 

II 26 3, 3 5 

II 28 

II 30 Abort 

8 0, 0, FS 0, 0 , 3 

11 o, 2 1, 8, 6 

*Zero - gravity part of parabo la . 

Prome thaz ine 25 mg + ephed rine 25 mg. 
Promethazine 50 mg + ephed ri ne 50 mg. 

Scopolamine 0 .6 mg + amphe tamine 5 .0 mg . 
Scopolami ne 1. 2 mg+ amphe tamine 10 mg. 

P 50 + E 50 S 0.6 + A 5 .0 S l. 2+A 10 
Si t Sit Sit 

Head Fixed Head Move. Head Fixed Head Move . Head Fixed Head Move. 
M;S Score M; S Score · M/ S Score M/ S Score M/ S Score M; S Score 

Pts Pts Pts Pts Pts Pts 

2 0, 3 0 

FS 3, 2 4 

3, 5 , 6 2 

5 

6 3, 1 



Responses to Three Antimotion Sickness Remedies Administered Intramuscularly During Sorties in the KC-135 

Promethazine 25 mg Scopolamine 4 .3 mg Dimenhydrinate 50 mg 
l st F 5* prior Subsequent 1st FS prior Subsequent 1st FS prior Subsequent 

Subj. Trial to injection I nj. FS to injection lnj. FS to injection lnj. FS 

19 1st 16** 21 38 12 12 0 12 13 24,29 

2nd 17 19 21,22 6 6 26 

3rd 23 25 0 

4th 23 25 0 

5th 26 26 0 

6th 10 11 0 

33 1 l 13=1= 14, 15 

47 1st 30 30 30 12 12 0 24 25 29,32,40 

2nd 26 28 0 

8 1st 21 23 0 

2nd 22 30 0 

10 1st 10 24 0 8 8 0 

2nd 32 32 0 

3rd 10 13 0 

16 15 19 22,23,38 

17 1st 0 11 13, 17 

2nd 9 10 0 

3rd 0 10 13 

*FS = frank sickness; **16th parabola; =I= promethazine 50 mg. 



SKIN CONTACT ADHESIVE 

SKIN SURFACE 



Responses to scopolamine administered 1) transdermally, 2) by mouth, and 3) in 

fixed-dose combination with amphetamine and ephedrine : Assessments in SRR. 

Response 

Number of % % Highly 
Drug Subjects Beneficial Efficacious 

TTS (long-term use) 8 62.5 

TTS x 2 

scopolam i ne p. o . (short-term use) 

S (0.3 mg) 8 50 
(0.3 mg) l l 64 

S(0.6mg) 8 67 
(0.6mg) 30 o3 

S (0.3 mg) A (5 mg) 22 55 

S (0 .3 mg) E (25 mg) l l 82 

S(0.6mg) 30 63 

S (0.6 mg) A (5 mg) 22 55 

S (0 .6 mg) A (10 mg) 19 63 

Transdermal Therapeutic System-scopolamine = TTS; 1-scopolamine hydrobromide = S; 

d-amphetamine sulfate = A; ephedrine sulfate = E. 

= recent series. 

25 

25 

62 



Response to Promethazine and Ephedrine Alone and in 

Fixed-Dose Combinations: Assessments in SRR 

Number of Response 
Drug Subjects % Beneficial Range % >Bl 

P(l2.5mg) 8 50 12.5 -
P (25 mg) 8 50 

P (12.5 mg) E (12.5 mg) 8 75 37.5 

P (25 mg) E ( l 2. 5 mg) 8 87 .5 * 62.5 

P (25 mg) E (25 mg) 12 92 

P (25 mg) E (50 mg) 18 83 

E (12 .. .5 mg) 8 12.5 0 

E (25 mg) 10 10 

E (50 mg) 8 50 

P = promethazine hydrochloride; E = ephedrine sulfate; = recent series. 
--

*Assuming Subject 12 had all B responses. 
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Responses to Three Antimotion Sickness Remedies Administered Intramuscularly During Sorties in the KC-135 

Promethazine 25 mg Scopolamine 4.3 mg 
l st FS* prior Subsequent 1st FSprior 

Subj. Trial to injection In j. FS to injection 

19 l st 16** 21 38 12 

2nd 17 19 21,22 

3rd 23 25 0 

4th 23 25 0 

5th 26 26 0 

6th 10 

33 l l 13* 14, 15 

47 l st 30 30 30 12 

2nd 26 

8 l st 21 23 0 

2nd 22 30 0 

10 l st 10 24 0 8 

2nd 32 32 0 

3rd 10 13 0 

16 15 19 22,23,38 

17 l st 0 11 13, 17 

2nd 9 10 0 

3rd 0 10 13 

*FS = frank sickness; **16th parabola; * promethazine 50 mg. 

lab le V 

Subsequent 
lnj. FS 

12 0 

l l 0 

12 0 

28 0 

8 0 

Dimenhydrinate 50 mg 
1st FS prior Subsequent 
to injection lnj. FS 

12 13 24,29 

6 6 26 

24 25 29,32,40 
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SPACE MOTION SICKNESS 

- INDEX -

l. SPACE MOTION SICKNESS - DESCRIPTION OF THE SYNDRCME 

3. RELATIONSHIP TO SHUTTLE OPERATIONS 

4. SR&T APPROACH 

5. PROGRAM MILESTONES 
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SPACE MOTION SICKNESS 

• BASIC SYMPTCMATOLOGY NOT UNLIKE SICKNESS RESULTING 
FRCM EXPOSURE TO UNUSUAL MOTION ON SHIPS, CARS AND 
AIRCRAFT 

• SYMPTCMS IN INCREASING ORDER OF SEVERITY 

0 DECREASED MENTAL ALERTNF.SS/LETHARGY 
0 VOLUNTARY RESTRICTION OF PHYSICAL ACTIVITY 
0 DIZZINESS/VAGUE DISORIENTATION 
0 HEADACHE 
0 DECREASED APPETITE 
0 STCMACH AWARENESS 
0 COLD SWEATING/SUBJECTIVE WARMTH 
0 PALLOR 
0 NAUSEA 
0 VOMITING 

• INDIVIDUALS VARY GREATLY IN SUSCEPTIBILITY 

• SPECI FIC CAUSES NOT WELL UNDERSTOOD ; HOWEVER, MOST 
EVIDENCE POINTS TO SYNDRCME AS HAVING ITS ORIGIN 
THE VESTIBULAR SYSTEM 

IN 
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MERCURY AND GDf.INI PROGRAMS 

CONCER!~S EXPRESSED PRIOR TO MERCURY PROGRAM ABOUT 
POSSIBLE DEBILITATING EFFECTS OF EXPOSURE. TO 
WEIGIITLESSNESS 

• SUBJECTIVE REPORTING BY CREWMEN INDICATED NO MOTION 
SICKNESS DURING ANY OF 6 MERCURY OR 10 GDf.INI FLIGIITS 

• ANTI-MOTION SICKNESS DRUG MAREZINE AVA ILABLE TO CREW-
MEN BUT NOT USED 

VESTIBUIAR EXPERil1ENT M-9 (OCULAR COUNTER.ROLLING AND SPATIAL 
ORIENTATION) ON GEMINI V AND GEMINI VII CREWMEN 
PRODUCED NEGATIVE RESULTS 
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APOLLO PROGRAM 

• 11 CREWMEN REPORTED MOTION SICKNESS TYPE SYMPTCMS ; . SEVERITY RANGED 
FR<l1 MILD TO SEVERE (3 EXPERIENCED FRANK VOMITING) 

• SYMPTCMS TYPICALLY MANIFESTED WITHIN HOURS AFTER ORBITAL INSERTION, 'WERE 
AGGRAVATED BY HEAD MOVEMENTS AND GRADUALLY DISSIPATED WITHIN 2-3 DAYS 

• PREFLIGHT AEROBATICS INSTITUTED BY ASTRONAUTS FOLLOWING APOLLO 9 

• ANTI-MOTION SICKNESS DRUGS MAREZINE AND SCOPOLAMINE-DEXETRINE USED 
SPARINGLY AND WITH UNCERTAIN SUCCESS 

• CAUSE OF RELATIVELY HIGH INCIDENCE (ABOUT 33%) OF MOTION SICKNESS APPARE:NTLY 
DUE TO INCREASED MOBILITY IN CCMMAND MODULE AND LUNAR MODULE 

• NOVICE CREWMEN HAD SLIGHTLY GREATER TENDENCY TO DEVELOP SYMPTCMS THA..'-; 
VETERAN ASTRONAUTS 

• APOLLO MARKED FIRST U.S. FLIGHT EXPERIENCE WITH SPACE MOTION SICIO.'ESS; IT WAS 
THE FIRST· u.s. SPACECRAFT PERMITTING FREE MOVEMENT OF THE CREW WITHIN IT. 



Mission Astronaut 

7 A 
B 
C 

8 0 
E 
F 

9 G 
H 
I 

10 J 
K 

L 

11 M 
N 
0 

12 p 

a 
R 

13 S(El 
T 
u 

14 V 
w 
X 

16 Y(H) 
z 
AA 

16 8B(X) 

cc 
DO 

17 EE (Ll 
FF 
GG 

Vestibular-Related Symptoms Experienced 

by Apollo Astronauts 

Illusions/Mot ion Sickness 
Motion Sickness Hiatory Symptoms in Space Flight 

In SIC 
. In Land, Egress 

Air and In Zero-G or Egress Tumbling Stomach 

Sea Vehicles Parabola Training Illusions Awareness Nausea 

X 
X X X 

X X X 

X X X 

X X X X X 

X X X 

X X X 

X X X X X 

X 
X 
X X 

X X X 
X X X 

X X 

X 

X 

X X X 
X X 
X 

X 
·X 

X 
X X X 

X 
X X 
X X -

X X X 

X X X 
X X 

- .. 

Vomiting 

X 

X 

X 



SKYLAB PROGRAM 

· ·. :- · --e· 5 OF 9 CREWMEN EXPERlEN.CED SYMPTOMS 

e OPERATIONAL EFFICIENCY OF ~EVERELY AFFECTED CREWMEN 
IMPAIRED DURING FIRST DAYS OF FLIGHT 

e COMPLETE RECOVERY REQUIRED 3-5 DAYS 

e ANTI-MOTION SICKNESS (AMS) DRUGS IJSED OF QUESTIONABLE 
THERAPEUTIC VALUE 

e VALUE OF T-38 AEROBATICS BY SL-4 CREW UNCERTAIN BECAUSE 
, OF PROPHYlJ\CTIC USE OF AMS MEDICATION ANO OTHER FACTOR!). 

e UNEXPECTEDLY Ml31 EXPERIMENT REVEALED VIRTUAL IMMUNITY 
TO MOTION SICKNESS AFTER ADAPTATION TO WEIGHTLESSNESS 
HAD OCCURRED 

• MOTION SICKNESS (SEA SICKNESS) EXPERIENCED BY SL-2 SPT 
AND PLT FOLLOWING SPLASHDOWN; SL-3 AND SL-4 CREWS MEDlC·'AT£D 
PRIOR TO DE-ORBIT TO PREVENT SYMPTOMS 
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APOLLO-SOYUZ TEST PROJECT (A.STP) 

. 
@ PREFLIGHT TESTlNG INDfCA~£D CREW ,v\ODERATELY.TO HIGHLY 

. RES I STENT TO MOTl'ON- SICKNESS IN 1-G 

e NO INFLIGHT OR POSTFLIGHT VESTIBULAR FUNCTION TESTING 
PERfORMED 

e NO VESTIBULAR DISTURBANCES REPORTED DURING FLIGHT OR 
· POSTFLI GHT 

e SCOPOLAMINE-DEXEDRINE USED PROPHYLACTICALLY BY COMMAND 
MODULE Pl~OT EARLY DURING FIRST DAY Of FLIGHT 

e BOTH COSMONAUTS EXPERIENCED SPACE MOTION SICKNESS 



INCIDENCE OF SPACE MOTION SICKNESS IN TJS ·AND USSR 

. . 

MANNED SPACE FLIGHT PROGRAMS 
.. .. . ' ,;. :'!.. : ,:, .. ,· ' 

USA USSR •. 

'· i ., 

. . 

PROGAAH NUMBER Of - INCIDENCE OF NUMBER OF INCIDENCE OF 
CREWMEN . HOTION SICKNESS PROGRAM CREWMEN ~TION _SlCKNESS 

HECUR'i 6 0 VOSTOK 7 1-"P 
GEMINI 20* 0 VOSKHOD 5 

~vv'--. 
3 ...... ~ 

APOLLO 33* 11** SOYUZ 361 · 1911 "'q ~ 
~ I 

SKYLAB 9 5 ASTP 2 2~7 
ASTP l a 

- ~ 

- . 

TOTALS 16 ASTRONAUTS (Frank Vomiting in 6) 25 COSMONAUTS 
. . -
* INCLUDES 4 CREWMEN WHO FLEW TWICE DURING PROpAAH 

(Frank Vomiting in 15) 

** INCLUDES 1 CREWMAN WHO EXPERIENCED SYMPTOMS ON BOTH OF TWO FLIGHTS 

I INCLUDES 6 CREWMEN WHO FLEW TWICE DURING PROGRAM 
II 9 WITH MAJOR SYMPTOMS. 10 ADDITIONAL WITH MINOR SYMPTOMS .. 
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SIGNIFICANCE OF.SPACE· MOTION SICKNESS 
FOR SHUTTLE 

.:-~ · · ·._.-. ·. . ·. _:. . • FREQUENCY AND _S£V£81TY._Of .. SYMPT0M,S ._PRESENT POTENTIAL . . . · · .. . . 
~-~:\i~_i:::,·'''· ·:> •-t -:>-:_:·:·_..- -·_ .. · ·_:-::_ .:'_---~;;:. ·_.· , ·. THREAttcfwELL~BEijNG-'. AN-D~O'PERAr'IONAL Eff·rc-1-tNcv' o;:··.· .::. ::· _._ :_:i:....:/ --,·: __ .. . ·<·:. -, .·_ ·. ·._·'·~-.'·.\ .-. . . . . . . . ~ . . . . . 

- SHUTTLE CREWMEN AND PASSENGERS - .·. 

e f ACTORS AMPLIFYING CONCERN 

• LARGE NUMBER OF HIGH WORKLOAD/SHORT DURATION FLIGHTS · 
;;. 

• INTRODUCTION Of NOVICE CREWMEM8ERS INEXPERIENCED WITH 
UNUSUAL GRAVITATIONAL-INERTIAL FORCE ENVIRONMENTS ·_ 

~ ' ~-ir,~.,.., - - ' . l , 

• VEHICLE CONFIGURATION PERMITS EXJENSIVE MOVEMENT BY ~ 
~ . ~ 

CREWMEN· -~ ,,, - I J 
. . . ·: .·.· . ' .,.. ... ~ ..... ), . ·-~ . 

,; . 
• KN0WlEDGE Of ,.it.OLOGY AN-0 M£THO~ FOR RELIABLE ~ 

· PREDICTION: ~PREYENTION AND TREf\TMENT OF SYNDROME _ 
-CURRENTLY· NOl OPflMAl 



\ 

1·.· 

TENTATIVE OPERATIONAL PLANNING FOR SHUTTLE 
OIT PASSENGERS RE SPACE MOTION SICKNESS PROBLEM 

9 CONDUCT PREFLIGHT PERSONAL INTERVIEW 

. • ·. OBTAIN MOTION ·.S1-CKNESS HISTORY _:· · ··· ... · 

• CONVEY RELEVANT STATE-OF-THE-ART KNOWLEDGE ABOUT 
SPACE MOTION SICKNESS 

8 PERFORM MINIMUM LABORATORY TESTS 

e EVALUATE INTEGRITY OF VESTIBULAR SYSTEM FUNCTION 

.. . . 

. . . 

e DETERMINE MOTION SICKNESS SUSCEPTIBILITY THRESHOLD 
AND ACQUAINT INDIVIDUAL WITH RECOGNITION OF SYMPTOMS 

• _IDENTIFY MOST EFFICACIOUS ANTI-MOTION SICKNESS (AMS) 
DRUG AND DOSE LEVEL 

G EXPOSE INDIVIDUAL TO ZERO-G PARABOLIC FLlGHT (OPTIONAL) 

• PERMIT FAMILIARIZATION WITH UNUSUAL INERTIAL FORCE 
· ENVIRONMENT AND ZERO G 

o FURTHER EVAWATE AMS DRUG EFFICACY/DOSAGE 

8 ENCOURAGE PROPHYLACTIC USE Of OPTIMUM AMS DRUG PRE
LAUNCH AND EARLY INFLIGHT 



4 

- -



CURRENT POSITION 

·.i,, • _: . .. • ~ .• 

0 NO SOUND BASIS FOR PREDiCTION 

• PHYSIOLOGICAL MECHANISMS IN ZERO G NOT UNDERSTOOD 

• POOR CORREi.AT-ION BETWEEN MOTION SICKNESS IN DIFFERENT EHVIBONMENTS 

0 NO PROVEN METHOD FOil PREVENTION 

• MARKED INDIVIDUAL VARIATION IN DRUG RESPONSE 

• BIOFEEDBACK TECHNIQUES LOOK PROMISING 

0 liIGH LEVEL OF CONFIDENCE THAT WE CAN WORK ABOUND 'IHE PROBLEM 



;·:-·:_( . ~ 
. . ', ~ .. ~ 

. . : . 

. ' 
... :·, 

._..._.·· -~;;~-'.~ 

. . 

. . \ 
i •• . 

KEY FACTORS -
., . 

INVESTIGATIVE APPROACH 

o DEVELOPMENT OF SOLUTIONS FOR PROBLEMS I DENT I FI ED 
,. ~; . . >· 

WI bl REQUIRE A BROAD BASED PROGRAM OF INTERDIS-.. 
Cl'PLINARY STUDIES USING HUMAN AND ANIMAL SUBJECTS 

o .FUNDAMENTAL A~D APPLIED ASPECTS OF THE MAJOR 

PROBLEM AREAS MUST BE INVEST! GATED IN PARALLEL 

,·.; ; . 
. ' 

o FINAL VALIDATION OF TECHNIQUES FOR PREDICTING, 

PREVENTING AND TREATING THIS SYNDROME WILL NOT BE .· . 

POSS.IBLE UNTIL SEVERAL SHUTTLE FLIGHT EXPERIMENTS 
. .-.·.· 

HAVE BEEN CONDUCTED 

,a: 

. ; · ... 

.. 
. , 
,.·· ·. 



SPACE MOTION SICKNESS RESEARCH PROGRAM 

- PROBLEMS AND TASKS -

A. Etiology and Mechanisms of Space Motion Sickness 

1 _- _ Evaluation of Fluid Shift Theory of Etiology; 
Conflict Theory; Others 

2. - Anatomical and Microelectrical Studies; Neurological 
Biochemistry 

3 - Functional Studies; Behavioral Factors 

4 - Mathematical Modeling 

B. Determination of Individual Predisposition (Selection) 

C. Development of Training Techniques to Diminish Susceptibility 

D. Improved Countermeasures 

1 - Improvement of Anti-Motion-Sickness Drugs 

2 - Identification of Modifying Factors for Use in 
Prevention (Example: Biofeedback) 

3 - Other Preventive/Therapeutic Techniques 
(Examples: In-Flight Adaptation Procedures, 

Fluid Shift Control) 

E. Bioinstrtnnentation and Methodology Development 

F. Preparation of Flight Experiments 



GROUND BASED RESEARCH WITH MAN 

o .MAJO R EMPHASIS ON SENSORY CONFLICT AND MOTION SICKNESS 

INVOLVING OTOLITHS 

o INCLUDED ARE INVESTIGATIONS OF 

o CANAL-OTOLITH INTERACTION 

o VI SUAL-VESTIBULAR INTERACTION 

o VESTIBULO-SPINAL REFLEXES 

o PROPRIOCEPTIVE MECHANISMS 

o SENSORY HABITUATION 

o STUDIES UT ILIZE VARIETY OF STIMULUS GENERATION 

(IN CLUDING PARABOLIC FLIGHT) AND RESPONSE MEASURE

MENT TECHNIQUES 

o ROLE OF FLUID SHIFT REQUIRES FURTHER A~ALYSIS 

o RESEARCH IN VOLVI NG NEUROLOGICAL, PSYCHOPHYSIOLOGICAL 

AND BIOCHEMICAL FACTORS CURRENTLY LIMITED IN SCOPE 

o DEVELOPMENT OF IMPROVED RESPONSE MEASUREMENT TECH

NIQ UES MUST EVOLVE FROM THESE PROGRAMS 

.... 
. , 

.. 



.. . · .: , .. . 
• -•• 1 

. . .· ~ .. 

·, . 
·· ' . 

. -· . .~ HUMAN RESEARCH IN SPACE . 

o 'EMPHASlS ·ON PRE-., IN- AND POSTFLIGHT TESTS OF OTOLITH 
FUNCTION 

. ·. . ·: 

o RELATED 'PRE-., IN- AND POSTFLIGHT EVALUATIONS OF 
, 

o SEMICIRCULAR CANAL FUNCTION 
,·::i 

o NEUROMUSCULAR AND PROPRIOCEPTIVE FUNCTION 
o MOTION PERCEPTION AND SPATIAL ORIENTATION .,. . . 

., 

o SPECI AL TESTS TO EVALUATE FLUID SHIFT AND OTHER 
I . 

SECONDARY POTENTIATING FACTORS 

o MAJORI-TY OF EXPERIMENTS MUST BE CONDUCTED IN DEDICATED 
SPACELABS - WILL REQUIRE SOPHISTICATED HARDl~ARE AND . . ~· ., 

EXTENSIYE CREW PARTICIPATION 

··-: 

.. · . ... ., . 



. . 

-, - GROUND BASED RESEARCH WI TH ANIMALS 

o NEUROPHYSIOLOGICAL, BEHAVIORAL, ANATOMICAL AND HISTO

LOGICAL STUDIES OF VESTIBULAR, PROPRIOCEPTIVE AND 

VISUAL SYSTEMS 

o ADVANTAGES OF USING ANIMALS 

o ItJVASIVE PROCEDURES 

o LARGEN 

o EMPHASIS ON RESPONSES M[:ASURED IN SENSORY CONFLICT 

SITUATIONS 

o PARJ\BOLI C_ FLIGHT STUD I ES TO EVALUATE RESPONSES TO 

HYPER AND HYPOGRAVI C STIMULI 

o EVALUATION OF SPEC! FI C PHENOMENA VIA INVASIVE TECH-
. ,. 

NIQUES 

o FLUID SHIFT MECHANISMS 

o ALTERATION OF NEURAL IMBALANCE WITH DRUGS 

o STUDIES DESIG~ED TO COMPLIMENT HUMAN RESEARCH AND DEFINE 

REQUI REMENTS FOR A~I MAL FLIGHT EXPERIMENTS 

0 WORK IS 0 UNDERWAY IN ABOVE AREAS 

. ', .. ~ 
t, .r 
• 2,. • ., 

~ "<t \ , - i 

\~/~: . -~· . ~ • .. 
•. ·~ ._.·(' . 

.., 



·,,?' ,., . . 
j: · · · . 
... ~ _.,, ... , 
...... ; . 

. : •· ;,"'· .. ~·· ' :. 
'.·· . .~ . . 

' ' .. .. :-:·· . 

" 
,I' • • ·, 

AN I MAL RESEARCH IN SPACE 

o ANIMAL EXPERIMENTS SHOULD COMPLIMENT HUMAN INFLIGHT 

EXPERI;M~NTS WERE POSSIBLE 

~ . . . 

o IDENTLFY SPECIES WITH EASILY MEASURED MOTION SICKNESS 
# •• •• 

RESPONSE 
... ··. · .. . 
. .... ~\_:, 
.. ~-, . :~-

o ELECTROPHYSIOLOGICAL TECHNIQUES TO MEASURE DISCHARGE . ., . 
':: ·,. 

OF CRI TltAL COMPONENTS OF CENTRAL A~D PERIPHERAL 

NERVOUS.SYSTEM 
, . 

o _PR I.MARY AFFERENTS 
. ~ . 

o VESTIBULAR EFFERENCE . " 

o VESTIBULAR NUCLEI ,·, . ' . 
. · . .- _··~ 

o RETI'CULAR SYSTEM 

o SPINAL CORD MOTONEURDrJS 
. ·-.-; . 

·, . ... 

o RESOL\/E.-:'-fLUID SHIFT QUESTIO~~ 

o SOPHIS:1JCATED CORE REQUIRED., INCLUDING LINEAR 
. ACCELERATOR A"lD CENTRIFUGE 

.. , .. 

\.': 

.• . . :. 

"t·~. 

::.-.. 
. ... ,: . 

• . .,·,::i, I 

··' . 
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_· . -_-)~i!{~t{ . 
:, ... ' · '· 

. .-__ : __ · ;_ PREDICTION (SELECT I ON CRITERIA) 
. : ·_ ··f 

~ ~- :' .. 
\', 

.. · ., ... 
. -

o TOTAL--AP'PROACH TO RESOLUTION OF THIS PROBLEM CANNOT 
. : ·, .. 

BE Df:FfNED AT PRESENT 
.' . ' . 

. ' ':'· .. ., ... . . 

. o SEVERAC-_POTENTI ALLY FRUITFUL LINES OF INVEST! GATION 
CAN BE·,_ lDENTI FI ED .. _., 

··, ;. 

· o STUD.1E:S UTILIZING CENTRIFUGES A~D SLOW ROTATING 
•. ··.-:. •.·• 

ROOMS·. · 
·. ~ , 

o STUbtES UTILIZING LINEAR ACCELERATION TECHNIQUES 
~:· ~-. 

. . ,, ~· 

o AI RC.RAFT PARABOLIC FLIGHT (ZERO-G) STUDIES .. , .. ... . 

o DET_~8MINATION . OF RATE OF ACQUISITION OF ADAPTATIO>l 

· o DETERMINATION OF CORRELATIONS BETI4EEN MOTION 
s1 c·KrJ'ESS SUSCE.PTIBILITY AND OTHER" MEASURABLE 

VEstf13ULAR AND NON-VESTIBULAR RESPONSES -.-.· 
. :t. . ·•· .. : 

. ) ... ' 

o ATTENT.ION TO AGE A~D SEX FACTORS 

' l: . •· .• 

... _ .. ,. 
·,: 

. . 
. ·-:·"" 

.: . 
' .· 

·, 
.. 
;. .- .. 



. · .. . 

- . 

VALID1HlON OF SELECTION CRITERIA AND COUNTERMEASURES 

' 1. · •• 

o GROUND-'iASED . STUDIES WI LL NOT PRODUCE IRREVOCABLE 

RESULTS,·· 
• · .t. • . . : 

. '. 
,. ' 

. o FINAL VALIDATIO~I WILL NOT BE POSSIBLE UNTIL A NUMBER 
: · ·. :~. 

OF SHUTTLE MISSIONS HAVE OCCURRED 

. o ESSENTI_AL · THAT CREWMEMBERS BE ASS! GNED TO EXPERIMENTAL 

AND CONTROL GROUPS 
;·: ·:, ·. 

o LARGE SAMPLE SIZES REQUIPED FOR VALID STATISTICAL 

A~AL.Ysts·. AND INTERPRETATION 

·o OPERATIONAL PROBLEMS WI TH TH IS APPROACH MUST BE 

CONSI D"E-Rt:D 

'. 

o EVALUATIONS SHOULD NOT REQUIRE SPECIAL INFLIGHT 

HARD\1.ARE., CREW INFLIGHT INVOLVEMENT SHOULD BE 

MIN I MAL·''_:·: . . . . 

:. =--·· : 

- . 
' - . 

;.· .· . 
. ::. . . 

,1·, 

• 



.. . .. .. 
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. ' ·:\ . . 

PREVENT! ON 

o TWO BASIC APPROACHES UNDER INVESTIGATION 
. ' 

o PRE~ABITUATION 
' ,•, 

- FUNDAMENTAL QUESTIONS REGARDI:~G APPROPRIATENESS 

. OF !VARIOUS TECHNIQUES MUST BE A~SHERED 

- TIME. _A~D SOPHISTICATED FACILITIES REQUIRED MAY 
. ,.• 

B~·{IMITING FACTORS 
" 

. . •, . 

· o ANTI-MOTIO~ SICKNESS DRUGS 
- EFfl CACY AS WELL AS SIDE EFFECTS MUST BE 

·EVALUATED 

-· SITE .OF DRUG ACTION SHOULD BE ~ETTER UNDERSTOOD 

s; 
. , .. ' ~ / 

" 

.. 



I 

I 

I 
TREATMENT 

I . 

o ANTI-MOTlON SICKNESS DRUGS PRIMARY REMEDY USED IN 
PAST - , 

. . • •, . 

o LIMITED· ATTEMPTS WITH SPECIAL INFLIGHT HABITUATION 

PROCEDURES NOT SUCCESSFUL 

o EFFORTS IN PROGRESS FOCUSING ON 

· o I MP-ROVED DRUG THERAPY 

o OPERATIONALLY ACCEPTABLE INFLIGHT HABITUATION 

PROtEDURES., POSSIBLY AIDED WITH DRUGS 

o MIN-IM_IZATION OF MOVEMENT THROUGH .IMPROVED PROCEDURAL 

CHECK LISTS., WORK LOAD REQUIREMENTS AND TASK GEO

METRY 

.. 
I 

" -
,; 
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SPACE MOTION SICKNESS 

CURRENT SR&T PROGRAM (FY77) 
BY PROBLE21 AND IASK 

.. ~ ,• ~- ·. .. 

TASKS FROM THIS RTOP 
·: ~ 

,• 

: . RE.SEARCH. PROBLEM AREA . .· .... 
,,. PRIMA.RY OBJEC·TIVE , .. 

. . . OF TASKS: .-
· ·· .. ·_ .. , .. A_-_MAJ01t OBJE·tTt, 

· · ..... :·--, · OF TASKS· · · .. . . . . . 
A • Etiology and Mechanisms 

of Space Motion Si<kness 

1. Evaluation of Fluid 
Shift Theory of . 
Etiology 

1-03 Homick 
1-04 Parker 

2. Anatomical and Micro- 1-07 Correia 
electrical Studies 2-05 Perachio 

2-07 Ebbesson 
2-08 Goldberg 

3·.- ·Function.al Studies l-03"Homick 
1-04 Parker 
1-05 Igarashi 
2 ~04 Teuber · 
2-05 Perachio 

4. Mathemati~al Modeling · 1-06 Cohen 
1-07 Correia 

B. Determination of Indivi 
dual Predispositio.n 
{Selection) 

C • . Development of Training 
Techniques to Diminish 
Susceptibility 

1-01 Graybiel 
2-16 Young · 

2-10 Daunton 
2-11 Bizzi 
2-12 Nauta 
2-13 Markham 

2.-10 Daunton 
2~11 ·Bizzi 
2-12 Nauta 
2~13 Markham 
2-2S Sadoff 

2-11 Bizzi 

2-21 Brizze 

1-02 Frost 
2-16 Young 

1-03 Homiclc 

1-01 Graybiel 
2-16 Young 



(. 

I.. \ • 

' ' .,.. .. 

SPACE MOTION SICKNESS (CONT'D} 

TASKS FROM THIS RTOP. 

RESEARCH PROBLEM AREA 
PRIMARY .OBJECTIVE 

OF TASKS: 
A MAJOR OBJECT! 

OF TASKS: 
. . . 

. .. D·.. !~proved Countesmeasures. 

1. Drugs 1-09 TBD 
2-21 B.rizze 

2. Identification (and 2-18 San Jose 
Prevention) of Modify 
ing Factors 

3. Other 

E. Bioinstrumentation and 
Methodology Department 

F. Preparation of Flight 
Experiments 

2-18 San Jose 

1-02 Frost 
2-0S Per achio 

, 1-01 .. ··rii-a.ybiel 
1-03 Hoa ick ' 
1-07 Correia 

1-03 Hoaick 

1-0S Igarashi 

1-03 Homick 
1-04 Parker 

1-05 lgarashi 
2-0S Perachio 





j. 
I 
I 

,,. 

Late Spring, 19TI 

July, 1977 

July, 1977 

October, 1977 

March, 1978 

July, 1978 

October, 1978 

January, 1979 

Fall, 1980 

Fall, 1982 

SPACE MOTION SICKNESS 

PROORAM MILESTONES 

-
AO for Dedicated Life Sciences ~pacela~~ 

-
AIBS Vestibular Research Program Review 

Completion of Ground Based Animal Investigations 
of Fluid Shift Hypothesis (Parker) 

US/USSR Discussion of Space Motion Sickness 
(One of the Subjects to Qe Discussed) 

Completion of Ground Baaed Human Investigations 
of Fluid Shift Hypothesis (Homick, Parker, 
and Greenleaf) 

Completion of Preliminary Ground Based Evaluations 
of Predictive Tests of SMS Susceptibility; 
Establish Tentative Test Battery 

Completion of Preliminary Ground Based Evaluations 
of Preconditioning (Training) Techniques to 
Minimize In-Flight SMS; Establish Tentative 
Training Plan 

Completion of Ground Based Evaluations of New 
Drugs for Control of SMS 

Conduct Selected Hwnan Vestibular Flight Experiments 
on SL-1 (Young, HOinick). 

Complete Preliminary In-Flight Validation of Training, 
Predictive Tests and Countermeasures 
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