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SUMMARY PAGE 

THE PROBLEM 

Examination of the effects of different orientations of the horizontal semicircular 
canal cupulae relative to gravity on nystagmic output following deceleration from 
rotation about the horizontal axis. 

FINDINGS 

Significant differences in responses between some stopping positions were 
obtained, but results were not completely consistent with those to be expected from 
a gravity-influenced cupula response. The results appear at least equally indicative 
of  a facilitation, during rotation, and a suppression, after rotation, o f  canalicular 
input by gravity sensitive receptors, possibly the otoliths. 

Of direct practical significance i s  the apparent control of  motion sickness 
during this form of stimulation by the mental task assigned to the subject. 
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INTRaDUCTION 

A considerable body o f  experimental evidence has accrued concerning the 
effects of angular acceleration on the vestibular apparatus when an individual i s  
rotated about the earth-vertical axis. Much o f  this evidence relates to theoretical 
speculations in which the mechanics of the semicircular canals (10,ll) have been 
likened to the action of  a heavily damped torsion pendulum. Some insight as to the 
response characteristics o f  the semicircular canal cupulae may be gained by examin- 
ing their response to decelerations from horizontal-axis rotation. Several investi- 
gators (1,5) have reported work which involved rotation of  subjects about the earth- 
horizonta I ax is .  

In the case o f  deceleration following rotation about the vertical axis, the 
force o f  gravity acts uniformly downward on the cupulae of  the horizontal semi- 
circular canals, i s  perpendicular to the plane of cupula movement, and probably 
does not interact with the pendulous response of the end-organ. However, when an 
individual undergoes deceleration following rotation about the earth-horizontal axis, 
the horizontal semicircular canals are stimulated as in rotation about the vertical 
axis, except that the force o f  gravity acts in the plane o f  movement of  the cupulae 
o f  the horizontal canals. If the cupulae are influenced by gravity, the latter circum- 
stance would maximize the interaction between the cupula's spring action and the 
force o f  gravity. 

As indicated in Figure 1, i f  there i s  a cupula-gravity interaction, gravity 
would oppose cupula return following clockwise rotation with a stop at the 90-degree 
psit ion, and consequently would increase the return time. Conversely, a stop at 
270 degrees following clockwise rotation would decrease return time and yield 
attenuated responses since cupula return would be aided by the force of gravity. 
Following counterclockwise rotation (Figure 1) the response relations for 90 and 
270-degree stops should be the reverse of those following clocGwise rotation. 

I f  the position of the cupula i s  as indicated in Figure 1, the other two stop 
positions, 0 degrees and 180 degrees, should yield different dJration responses, 
irrespective of  the init ial direction o f  cupula deflection occasioned by the stop. 
The cupula's return would 5e impeded by gravity for stops in the 180-degree position 
and enhanced by gravity for stops in the O-degree position. Because the direction 
o f  cupula deflection would be irrelevant to the outcome in these two situations, no 
difference should be expected for different directions of  rotation. However, i t  i s  
pDssible that the long axis of  the cupula i s  not parallel to the sagittal plane and that 
the cupula "points" medially more than i s  shown. 
response wou Id be anticipated for the O-degree and 180-degree positions. 

In this event small differences in 

The following '3xperiments were conducted to examine the possible influence 
of  gravity on responses initiated by semicircular canal function during and following 
horizontal-axis rotation. 
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PROCEDURE 

EXPERIMENT I 

Sub i ec t s  

Sixteen men with normal vestibular function served as subiects. Prior to this 
experiment none o f  the subjects had previous exposure to the test apparatus. 

The experimental apparatus consisted o f  a variable position l itter (5), a control 
console for electrically actuating and regulating rotation of  the litter, and a Sanborn 
Model 964 recording system for recording movement o f  the eyes and o f  the position 
I itter . 
Method 

Each subject was given six trials during a testing period, two rotations about 
the vertical axis and four rotations about the horizontal axis. Half o f  the subjects 
were always rotated in a clockwise direction and half in a counterclockwise direction. 

On any given tr ial  the subject was accelerated at a constant rate o f  approxi- 
mately 200/sec2 to a constant velocity o f  6P/sec and maintained at this speed for 
ninety seconds. The subject was then decelerated at a rate of  approximately 2CP/sec2 
to zero velocity. The sequence, magnitude, and duration o f  accelerations, constant 
velocities, and decelerations were the same for each of  the six trials. The horizontal 
and vertical trials, however, differed in one respect. Each o f  the horizontal decel- 
erations was terminated so that the subject's nose was pointing in one o f  four different 
directions, nose up (0 degrees), nose right (90 degrees), nose down (180 degrees), or 
nose left (270 degrees). 

The order of presentation of  the six trials for a given subject was maintained: 
one rotation about the vertical axis (pre) followed by four rotations about the hori- 
zontal axis and a final rotation about the vertical axis (post); however, the order of  
stopping positions following horizontal rotation was counterbalanced over subjects. 

Twenty-degree eye movement calibrations were obtained for each subject prior 
to the two vertical rotations and the first of  the four horizontal rotations. Subjects 
were instructed to attend to perceived body movement during the constant velocity 
period and were questioned about these sensations after each trial. 

Horizontal eye movements were recorded for sixty seconds following the onset 
o f  deceleration. 
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Resu Its - 
The total nystagmic output i n  degrees for each of  the sixteen subjects under 

each of the experimental conditions i s  presented in Table 1 .  Each entry represents 
total slow phase displacement output for a sixty-second interval following onset of  
deceleration. For each direction of  rotation, comparisons were made between 
responses produced by the init ial  and final vertical-axis trials (Pre - and - Post in 
Table I) and between the 0 versus 180 and 90 versus 270 head-stop positions about 
the horizontal axis. The .. t and ,P values are presented i n  Table I. 

It i s  evident by inspection (Table I) that responses following rotation about a 
vertical axis were consistently greater than those following horizontal-axis rotation. 
Differences i n  results for various head-stop positions of  the horizontal-axis trials are 
more complicated; further description of these results i s  reserved for subsequent dis- 
cussion. 

A total of  twenty-four subjects were exposed to the experimental procedures 
However, eight of the subjects reported such severe cases of  nausea and stomach 
awareness that they did not wish to complete the session; two of  the eight actually 
vomited. Of the sixteen subjects who completed the procedure, eight reported that 
during the testing session they felt stomach awareness and slight nausea. 

EXPERIMENT II 

In the preceding experiment several factors were not considered. First, a 
positional nystagmus, whether the reversing type or the unidirectional type, might 
appear at the different head-stop positions and consequently facilitate the nystagmic 
output for one head-stop position and oppose i t  at another head-stop position. 
Secondly, the continuing nystagmus during horizontal-axis rotation described 
previously (5) might interact with the post-rotary nystagmus. And thirdly, the 
high incidence of sickness evident in Experiment I could suppress nystagmic output 
during constant velocity (2, p. 102), and consequently interact with post-rotary 
nystagmus. To consider these factors, several modifications o f  procedure from the 
preceding study were employed: 1) Prior to and following the horizontal rotations, 
each of  the sixteen subiects used in this study was positioned at each of  the head- 
stop positions (0, 90, 180, and 270 degrees), and eye movement recordings o f  
forty-five seconds' duration were taken; the angular accelerations involved in 
achieving each position to test for positional nystagmus were o f  very low magnitude. 
2) During rotation with the axis horizontal, nystagmus during constant velocity was 
recorded and compared to the positional nystagmus. Additionally, i n  this experiment 
the influence of  variation i n  mental states on nystagmus output (4) was examined for 
constant velocity rotation about the horizontal axis. Eight of  the sixteen subjects 
were asked to press a key at the 0-, 90-, 180-, and 270-degree positions during 
rotation about the horizontal axis. The other subjects were asked to relax during 
rotation. Under al I cases subjects performed mental arithmetic problems during 
acceleration and deceleration. 
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Resu Its 

1 

A summary of the findings of  Experiment II i s  presented in Table I I .  Contained 
in Table II are: 1) the total nystagmic output in degrees for the pre- and post-rotation 
conditions about the vertical axis and the 0-, 90-, 180-, and 270-degree head-stop 
conditions about the horizontal axis; 2) the type of  response produced by each subject 
during rotation about the horizontal axis (presented i n  parentheses following each 
indicated nystagmic output); 3) the direction of  the fast phase of  nystagmus as a 
result of positioning subjects at the 0-, 90-, 180-, and 270-degree head-stop 
positions about the horizontal axis; and 4) the a n d z  values for comparisons between 
pre- versus post-vertical axis rotation, 0 versus 180, 90 versus 270-degree head-stop 
conditions following rotation about the horizontal axis. 

As in Experiment I, it i s  evident by inspection (Table II) that the post-rotational 
responses produced by deceleration from rotation about the horizontal axis were sup- 
pressed as compared with vertical-axis post-rotational responses. 

DISCUSSION 

The results o f  Experiments I and II presented in Tables I and II failed to provide 
consistent support for the predictions based on a gravity-cupula interaction following 
deceleration from rotation about the earth-horizontal axis. The predictions based 
on a gravity-influenced cupula presented i n  Figure 1 received reliable support in 
only two of eight head-stop comparisons in Experiments I and II. In Experiment I, 
the 90-degree head-stop responses were found to be significantly greater than the 
270-degree head-stop responses (t=2.59, P< .01, d.f.=7) following clockwise rotation, 
and in Experiment II the 270-degree head-stop responses were found to be greater than 
the 90-degree head-stop responses (t=2.15, P< .01, d.f.=7) fo\lowing counterclock- 
wise rotation. Although mean differences between 90'and 270 stop positions were 
consistent from Experiment I to Experiment I!, the statistical reliabil i ty of  the dif- 
ferences was not consistent. In regard to the 0- and 180-degree head-stop responses, 
ambiguity in the results existed. Following counterclockwise rotation in Experiments I 
and II, the results for 0- versus 180-degree head-stop comparisons were significantly 
different in a direction opposite to results inferred from an interaction between gravity 
and cupula spring action, and following clockwise rotation no difference was found. 
This finding i s  discrepant with results of  McLeod and Correia (9) i n  which magnitude 
of  nystagmus output in response to caloric stimulation was always found to be signifi- 
cantly greater in the supine position than in  the prone position. However, in that 
study unilateral caloric stimulation was used and the present study involved bilateral 
stimulation. 

An explanation, which i s  at least as consistent with the results as the possibility 
o f  a 'Icupg Ia-gravity" interaction, derives from the old observation (7, p.300) that 
looking in the direction of  the fast phase potentiates nystagmus. If we assume that 
following horizontal-axis rotation there i s  a counterrolling tendency for horizontal 
eye movement (relative to skull), then in the 90-degree stop position subjects would 
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tend to look left and in  the 270-degree stop position would tend to look right. Hence 
the 90-degree stop position would facilitate left-beating nystagmus (produced by the 
CW deceleration) and the 270-degree position would facilitate right-beating nystag- 
mus (produced by the CCW deceleration). Counterrol ling involving horizontal eye 
movements relative to the skull, i .e., movements in the coronal plane, would of  
course be confounded by voluntary oculomotor control; and therefore only a tendency 
to counterroll the eyes i n  this plane would be expected. Results at the 90-degree 
and 270-degree positions are consistent with this explanation. If this counterrolling 
i s  attributable at least in part to otolith function, then we have the basis of  an 
otolith modulation of  cupula-initiated nystagmus responses. The likely direction of  
gaze in the 180-degree and O-degree positions i s  undetermined and hence, expected 
results in these positions cannot be estimated From this hypothesis. 

The additional observational conditions introduced in Experiment I I, e.g., 
recording of positiona I nystagmus and recording of  nystagmus during constant velocity 
around the horizontal axis, failed to provide insight as to the lack o f  correspondence 
between predicted (Figure 1 )  and obtained results in Experiments I and II. Only two 
of  sixteen subjects (Bo and Be) showed psi t ional  nystagmus which would differentially 
affect nystagmic outputs for head-stop comparisons. In the case o f  Ba, it appears 
that the positional nystagmus might have interacted wi th  the pst-rotary nystagmus, 
but Be's response was opposite that predicted by a psi t ional  nystagmus influence. 
i s  noted, however, that Bo's positional nystagmus observed during static testing 
revealed itself  dgring constant velocity rotation about the horizontal axis. The 
direction and incidence of  the reversing coqtinuous nystagmus during constant 
velocity rotation exactly corresponded to the static positional nystagmus. 

It 

Also, from the data presented in Table 11, the magnitude o f  nystagmic output 
following deceleration from horizontal-axis rotation does not appear to bear any 
correlation to the type of  nystagmus (continuous or not continuous) produced during 
rotation which, i n  turn, does not seem to be influenced by the mental state of  the 
subieci. 

The mental state or mental task assigned the subject, however, dDes seem to 
influence the incidence o f  sickness during rotation obout the horizontal axis. 
Experiment I where the subjects were required to attend to and report their body 
sensations, 33 per cent of the subjects requested to withdraw from the study because 
o f  severe nausea and o f  those who continued, 50 per cent reported nausea and 
stomach awareness. Sickness was also encountered in an earlier experiment ( 5 )  
which involved even less exposure to horizontal-axis rotation but the same mental 
task. In contrast, subjects i n  Experiment I I were required either to press a pushbutton 
or to completely relax during rotation; only 12 per cent reported stomach avvareness, 
and none wished to discontinue the experiment. That assigned mental tasks may 
influence the amount of  sickness during unusual vestibular stimulus i s  also supported 
by previous experimental results (6) and has been suggested by Wendt (12, p. 1207). 

In 
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In Tables I and II, i t  i s  noted that large differences existed between nystagmic 
output following deceleration from rotation about the horizontal axis as opposed to 
vertical-axis rotation. The lowered nystagmic output following horizontal-axis rota- 
tion has been noted previously and attributed to conflicting sensory input between the 
canalicular and otolithic systems (5). However, in the earlier study (5) a suppression 
in nystagmus during constant velocity was observed as the subject moved ihrough the 
nose-up position (0 degrees) which happened to be the only stop position used in that 
study. The present experiments show that the suppressed nystagmic output following 
horizontal-axis rotation occurs regardless of the final stop position. This points 
strongly to a suppression of canalicular influx by conflicting sensory input from other 
receptors, since, irrespective of  stopping psition, deceleration responses from 
horizontal-axis rotation were suppressed as compared with vertical-axis rotation. 
These observations, coupled with the higher incidence of  sickness following horizontal- 
axis rotation and the correspondence of a static reversing type positional nystagmus 
and nystagmus produced during constant velocity rotation about the horizonta I axis, 
point not toward !a gravity-canalicular interaction directly, but, as others (3,5,7,8) 
have pstulated, to a canalicular nystagmic response which i s  modulated by otolithic 
sensory input or other gravity sensitive receptors. 
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