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SUMMARY PAGE 

2' THE PROBLEM 

To compare nystagmic and subjective responses elicited at 10 RPM wi th responses 
elicited at 30 RPM when the axis of rotation was horizontal. 

FINDINGS 

When the same subjects were rotated abu t  an Ejrfj,+orizontaI axis at 10 and 
30 RPM, the following difkrences in responses were noted: 1) Subjects who produced 
a unidirectional horizontal nystagmus throughout rotation at 10 RPM produced a 
revening horizontal nystagmus after an interval (30 - 60 seconds) of rotation at 30 
RPM. 2) Subjects, who gave veridical estimates of body orientation at 10 RPM, 
became disoriented at 30 RPM when nystagmus commenced revening. At both 10 and 
30 RPM a cyclic modulation of nystagmus was related to orientation relative to gravity. 

As in previous studies, sickness was produced by rotation about a horizontal 
axis, and a relationship between mental task and incidence of sickness was again 
noted. 
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I N TRO DUCT1 ON 

r / It has receni.1 been demonstmted (1-3) that rotation 0 .  a subject about an 
Earth-horizontal axis produces responses which differ in  several respects from those 
obtained for equivalent rotation about an Earthvertical axis. Responses during hori- 
zontal-axis rotation may be summarized as foliows: During constant velocity rotation, 
for periods up to five minutes at certain velocities, rotation i s  perceived continuously, 
and unidirectional horizontal nystagmus persists throughout the rotation period. Fol- 
!twin= deceleration from constant velocity rotation, the expected experience of  
postural counterrotation i s  either absent or gwat!y reduced, and postrotational hori- 
zontal nystagmus i s  significantly attenuated. 

During constant velocity rotation, when the axis of rotation and the longitudi- 
nal body axis are horizontal, a subject i s  continuously reoriented relative to gravity. 
During comparable rotation with the axes vertical, the subject maintains a constant 
orientation relative to gravity. Hence, although equivalent angular acceleration can 
be imparted to the horizontal semicircular canals in  attaining constant velocity i n  
these two situations, only horizontal-axis rotation involves continuous reorientation 
of  the vestibular structures relative to gravity. 

The receptors relevant to the effects associated with horizontalaxis rotation 
have been the subject of some speculation. Benson and Bodin (1) have suggested semi- 
circular canal involvement and explain the unique responses during horizontal a x i s  
rotation by a tmveling deformation o f  the membranous canals due to the action of 
gravity on i:,e endolymph-fllled membranous ducts which have slightly different 
specific gravity than the surrounding perilymph. Guedry (3,4), on the other hand, 
has suggested that nystagmus may be produced when the otolith structures are stimu- 
lated by a change in  linear acceleration, in this case by a change in  orientation 
relative to gravity. 

PROCEDURE 

SUBJECTS 

Twenty men, officer and cadet flight candidates i n  the Java1 Aviation Training 
Program, participated in this experiment. These subjects had passed recent flight 

Of these 
twenty subjects, only eight were able to complete the experimental sequence. The 
remainder either requested to withdraw or were stopped due to sickness. 

I physical examinations and had no apparent symptoms of vestibular disorder. 

A P PA RATUS 

The apparatus used was the Human DlsorIenkztbn Device (HDD) and its bio- 
instrumentation (5). Within the HDD i s  a chair which was prepositioned so that the 
longitudinal body axis was aligned with the axis of rotation which, in  turn, was 
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horizontal. The chair i s  enclosed by a spherical, light-tight capsule. During rota- 
tion each subject was fastened to the rotating device by a head and body harness to 
minimize head or body motions relative to the rotating frame. Corneoretinal poten- 
tials were amplified and filtered by a system with an upper cutoff of 25 cps and at a 
time constant o f  1.5 seconds. A sinusoid potentiometer was used to record instantan- 
eous orientation of the subject relative to gravity, and a switch permitted subjects to 
signal estimates of body position. Signals were passed through sliprings to an eight- 
channel Sanborn recorder. 

METHOD 

Each of the eight subjects who completed this experiment was exposed to four 
rotation trials, two trials at 10 RPM and two trials at 30 RPM. For each velocity, 
one rotation trial was in a clockwise direction, CW (to the subject's right), and one 
rotation trial was counterclockwise, CCW (to the subject's left). Order of presenta- 
tion of velocity magnitude and direction of rotation was counterbalanced over subjects. 
In each trial the subject was accelerated at 20°/sec" to either 10 or 30 RPM, main- 
tained at that velocity for 120 seconds, then decelerated at 2W/sec2 to a stop. 

Horizontal and vertical components of eye movements were recorded during 
the entire rotation period. Also, prior to the test runs on four of the subjects, eye 
movements were recorded while the subject was slowly rotated through 360 degrees 
as a check for positional and spontaneous nystagmus. Of the eight subjects who 
completed the experiment, four were asked to signal by pressing a key when they 
passed through the nose-up and the nose-down positions; the other four subjects were 
required to perform mental arithmetic during rotation. Following completion of each 
trial, subjects were asked to describe body motions they had experienced during 
rotation. AI I runs were performed in  darkness with each subject instructed to keep 
his eyes open and to stare "dead ahead. 'I 

RE SU LTS 

NYSTAGMUS 

Time Course of Reswnse 

Presented in Figure 1 are recordings of horizontal nystagmus obtained from the 
same subject during comparable time intervals following the onset of angular accel- 
eration for CW horizontal-axis rotational velocities of 10 and 30 RPM. I t  may be 
observed that throughout rotation at 10 RPM, nystagmus was unidirectional, the 
direction being that of the response initiated by the angular acceleration. For 30 - - 
RPM, nystagmus became bidirectional, i .e., reversing - in direction, during constant 
angular velocity. 

To compare the average time course of the nystagmus in terms of magnitude 
and direction for 10 and 30 RPM, the velocity of the slow phase of each nystagmic 
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Figure 1 

Recordings of horizontal nystagmus produced by the same subject during comparable inter- 
vals of clockwise horizontal-wis rotation at velocities of 10 ond 30 RPM. 

beat for each subject was measured for 120 seconds following the onset of angular 
acceleration. During some one-recond intervals, since nystagmus reversed, the slow 
phase of the nystagmus was in  diff6rent directions; hence, the mean slow phase 
velocities for each direction were obtained separately. Mean plots for the 10 and 
30 RPM CW rotations are presented at the top of Figure 2; mean plots for the 10 and 
30 RPM CCW rotations are at the bottom of Figure 2. Each point in  Figure 2 i s  based 
on eight subjects. 
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From Figure 2, i t  i s  obvious that 10 RPM and 30 RPM produced different res- 
ponses: 

, .J During angular acceleration to 10 RPM and a short time thereafter, the nystag- 
mus magnitude* and direction corresponded approximately to the classical response 
observed during and foiiowing angular acceleration about an Earthvertical axis. 
However, nystagmus did not return to zero baseline but remained unidirectional 
throughout rotation with its magnitude oscillating cyclicly but never reaching the 
zero baseline , 

Exceptions were noted for two of  the eight subjects. These two subjects pro- 
duced a reversing nystagmus during constant angular velocity for one direction of 
rotation at 10 RPM. Examination of eye movement recordings obtained under static 
conditions revealed that both of these subjects had a spontaneous nystagmus. When 
rotation was of a direction to augment the spontaneous nystagmus, the response 
remained unidirectional throughout the rotation period, When rotation was of  oppo- 
site direction, the subjects produced a reversing nystagmus after twenty to thirty 
seconds of constant angular velocity. The points across the baseline from the pre- 
ponderance of points plotted in the 10 RPM trials of Figure 2 were contributed almost 
exclusively by these two subjects. 

For 30 RPM the response to angular acceleration was similar to that produced 
at 10 RPM but it was greater in  magnitude due to the greater "acceleration x time" 
product. However, whereas the 10 RPM response generally did not return to zero 
baseline, the 30 RPM response returned to zero baseline within fifty seconds horn 
onset of angular acceleration. Seven of the eight subjects produced a definite revers- 
ing nystagmus within sixty seconds at 30 RPM. One subject produced a unidirectional 
response throughout both the 10 and 30 RPM trials. The nature of the reversing nystag- 
mus was such that the magnitude oscillated sinusoidally and decayed until the nystagmus 
was of about equal magnitude in  either direction about zero velocity at eighty seconds. 
Since nystagmus was averaged by one-second time intervals rather than at particular 
points i n  the rotation cycle, the modulation of nystagmus i s  somewhat obscured by the 
graphic presentation of Figure 2, but the t ime course of nystagmus independent of 
cyclic modulation i s  apparent. 

Relationship - of Direction - and Magnitude of - Nystagmus to - Body Orientation 

The relationship of direction and magnitude of slow-phase velocity of  nystagmus 
to body position relative to gravity was examined by comparing the nystagmus response - - - - - - - - - -  
*Nystagmus attains cyclic peaks which exceed the magnitude of nystagmus produced 
by vertical-axis stimulation. This was established by comparing responses produced by 
identical anguiar a c c e k i * h i  In veriical- and horizontal -axis stimulus configurations. 
Eight men not included in  the main experiment served os subjects; anguiar atte!ero- 
tion was 20°/sec2 to a rotational velocity of IO RPM. 
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- to the sinusoid potentiometer recording as shown in  Figure 3. The potentiometer 
recording, while describing body orientation, may also be interpreted as a representa- 
tion of the component of the gravitational linear acceleration vector acting along the 
horizontal head axes at any given time. For example, as illustrated in Figure 4, when 
the subject was in a nose-up position (CP) or nose-down position (18OO), the gravity 
component would be maximum along the front-back head a x i s  (+x, - x axis) and mini- 
mum along the left-right (+y, -y axis). When the subject was in  nose-right or nose- 
left position, the component would be maximum along the y head axis and minimum 
along the x head axis. The directions of the linear acceleration vector relative to 
the head axes are summarized in Figure 4, and it should be noted that when rotation 
i s  CW, the 900 position i s  equivalent to the 2700 position when rotation i s  CCW. 
During CW rotat- position i s  attained after 90 degrees of angular displace- 
ment, whereas during CCW rotation, an angular displacement of 270 degrees from OO 
position i s  required to reach the 900 position. 

/ 

The cyclic relationship between magnitude and direction of nystagmus and 
direction o f  linear acceleration (gravity) i s  illustrated in the polar plots of mean nys- 
tagmus magnitude presented in Figure 5. The reversing nystagmus generated during 
30 RPM was modulated so that fast phase right (nystagmus right) occurred when the 
linear acceleration (g) was directed to the subject's right; nystagmus left was keyed to 
linear acceleration (g) directed left; zero eye velocity occurred just after the 00 and 
1800 positions. Even for the sustained unidirectional nystagmus, generated during 
10 RPM, magnitude was cyclicly modulated in that maximum slow phase velocity 
occurred between displacements of 180 degrees - 270 degrees and minimum slow phase 
velocity occurred between displacements of 0 degrees - 90 degrees. This was true for 
either rotation direction (CW or CCW) i f  the displacements are defined as in Figure 4. 

Each point i n  Figure 5 i s  the mean instantaneous slow phase eye velocity for 
seven subjects" averaged over two cycles of rotation and plotted at 30degree inter- 
vals. 

The exact points of maximum and minimum response for both 10 and 30 RPM 
varied among subjects, within a range of 40 degrees, but generally for 30 RPM,maxi- 
mum nystagmus left lagged maximum linear acceleration left, maximum nystagmus 
right lagged maximum linear acceleration right, and zero eye velocity lagged zero 
acceleration along the left-right axis (00 and 180'). For 10 RPM, maximum eye 
velocity occurred when the linear acceleration was directed so as to augment the 
ongoing response, and minimum eye velocity occurred when the linear acceleration 
was directed so as to inhibit the response. 

*At 10 RPM, the reversing nystagmus responses from subjects with spontaneous nystag- 
mus were not included, and at 30 RPM, the subject with continuous nystagmus was 
not included. 

- - - - - - - - - -  
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I KEY PRESS AND POSTURAL SENSATIONS 

As with nystagmus, the key-press responses and postural sensations were quite 
different for 10 and 30 RPM. For 10 RPM the postural sensations were usually approxi- 
mately veridical as indicated by the subject's verbal description and his key-press 
responses. Subjects perceived continuous rotation about a horizontal axis and accur- 
ately estimated nose-up and nose-down positions. There were two exceptions to the 
accurate perception of rotation, and these were given by the two subjects who pro- 
duced reversing nystagmus during 10 RPM. Both reported disorientation and were 
unable to signal positions by key pressing during rotation in the direction which pro- 
duced reversing nystagmus. The same subjects gave accurate signals of spatial posi- 
tions and descriptions of body motion during rotation directions which produced uni- 
directional nystagmus. After thirty to forty seconds at 30 RPM, al l  subjects, except 
one*, exhibited responses similar to those of subjects with labyrinthine dysfunction (3) 
in that they were unable to estimate body positions accurately, and their descriptions 
of body motions ranged from vertical-axis rotation to horizontal -axis rotation with 
the nose always pointing down or always pointing up. This disorientation usually 
began after about thirty seconds of rotation at 30 RPM and was indicated by the 
inability of most subjects to key press accurately during the remainder of the rotation 
interval. Those who key pressed, though inaccurately, said that they were disoriented 
but attended to pressure cues for their estimates of nose-up and nose-down. During 
30 RPM the onset of disorientation was closely associated with beginning of the revers- 
ing nystagmus. As shown in Figure 6, subjects signaled body position accurately while 
the nystagmus remained unidirectional; however, when the nystagmus started reversing 
(lower panel) the subject no longer could estimate the nose-up position. Many sub- 
jects either stopped key pressing altogether or gave signals which showed little rela- 
tionship to true body position. 

SICKNESS 

A high incidence of sickness was observed in this experiment. Twelve of the 
twenty subjects were unable to complete the experimental sequence. A relationship 
between mental task required of the subject and incidence of sickness was noted. Of 
the twelve subjects who could not complete the sequence, all had been asked to 
attend to postural sensations with the purpose of giving accurate verbal and pictorial 
descriptions o f  the motion profile experienced during the runs. Of the eight who 
completed, four were given the key-press task and four were required to perform 
mental arithmetic during the rotation trials. This relationship between sickness and 
mental task confirms similar earlier observations (2). 

* This single exception had unidirectional nystagmus and maintained essentially 
veridical spatial orientation throughout 30 RPM rotation. 

- - - - - - - - - -  
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KEY PilESS 

Figure 6 

Recordings showing coincidence on onset of reversing horizontol nystagmus and deteriora- 
tion of p i t i o n  signals. Note that, as long Q nystagmus i s  unidirectional, subject i s  
able to estimote nosevp ond nose-down positions. 

DISCUSSION 

The time course of the nystagmus for the 10 RPM trials of the present experi- 
ment demonstrated the same general trend as that noted in previous experiments 
involving horizontal-axis rotation (1,3), namely, a sustained unidirectional hori- 
zontal nystagmus which penisted well beyond that observed for comparable vertical- 
axis rotation. Nystagmus at 30 RPM was continuous during t h i s  interval when angular 
acceleration would be effective; however, a reversing nystagmus was observed after 
this period. Generally, subjects who produced a unidirectional response at 10 RPM 
produced a clear reversing nystagmus at 30 RPM for comparable time intervals of 
cnnctant velocity rotation. At 30 RPM when the reversing nystagmus commenced, the 
direction and magnitude of the nystagmus " P F G i d  tc he related to the magnitude 
and direction of the gmvitational linear acceleration vector along the subject's left- 
right ( p )  head axis. This relationship between nystagmus and linear acceleration 
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relative to the skull has previously been pointed out for several stimulus configurations 
including linear oscillation on a horizontal track (6). Similarly, at 10 RPM, the 
orientation of the gravity vector relative to the horizontal head axes appeared to 
modulate the magnitude of the unidirectional nystagmus during the period of constant 
velocity as shown in Figure 5. Analysis of nystagmus during angular acceleration 
(footnote, p. 5 )  and deceleration (2) demonstrates that reorientation relative to 
gravity influences nystagmus during these phases of horizontal -axis rotation. The 
peak nystagmic response was greater during acceleration and less during deceleration 
with the rotational axis horizontal as compared to rotation with the axis vertical. 
These response differences are reasonable since during angular acceleration and reori- 
entation relative to gravity, there i s  a coordinated input from both sets of stimuli; 
during and after deceleration, sensory input i s  discordant. Upon being stopped (not 
reoriented relative to gravity) otoliths and pressure senses signal the stopped condition 
while the canals signal counterrotation in response to angular deceleration. 

To explain the continuous unidirectional nystagmus observed during horizontal - 
axis rotation at lower velocities, Benson and Bodin (1) suggested that endolymph flow 
could develop due to differences in specific gravity of the perilymph and the endolymph- 
f i l led membranous labyrinth. I t  was further suggested that this mode of response would 
not persist at higher angular velocities where the dynamic properties of the membranous 
labyrinth, endolymph, and perilymph would l i m i t  continued responding by this mode. 
In the present experiment, however, a reversing nystagmus was observed as the rate of 
rotation was increased to a higher velocity. This finding does not negate the Benson- 
Bodin hypothesis, but i t  does raise questions as to the latter being the only deviation 
from the commonly accepted mode of response during horizontal -axis rotation. 

The finding of two types of nystagmus as a function of rate of horizontal-axis 
rotation forces consideration of several modes of response for the canals and the 
otolith organs. It i s  l ikely that both the semicircular canals and otolith organs act 
in concert during horizontal-axis rotation, each with different response ranges and 
each shifting response modes, but at different frequencies of sustained reorientation 
relative to gravity. 
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