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SUMMARY PAGE
THE PROBLEM

To determine how adaptation to Coriolis accelerations, acquired through controlled
head movements in a room rotating in one direction, transfers to the opposite direction
as a consequence of the stimulus mode during an intervening period at zero velocity.
Under one experimental condition the subjects continued to make the sume head move-
ments during this period as those used to acquire perrotational adaptation, thus evoking
postrotational responses opposite in sign but similar in quality to those experienced dur-
ing the initial period of rotation. Under the other condition mechanical restraints were
applied to the head and torso for an equivalent period of time.

FINDINGS

Subjects who performed head motions during the intervening static period were able
to adapt more rapidly to the second (opposite) direction of rotation than to the first. In
addition, the intervening activity appeared to confer some immunity to motion sickness
during the second direction of rotation. Postrotational effects following the second di-
rection of rotation were less severe and of shorter duration than those experienced fol-
lowing the initial period of rotation. The opposite findings were obtained for those sub~
jects who remained immobilized during the intervening period at zero velocity.
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INTRODUCTION

In a previous study (9) three subjects were repeatedly exposed to Coriolis accelera=-
tions produced by controlled head movemenis during counterclockwise (CCW) rotation in
the slow rotation room (SRR). After several weeks of periodic exposure (including one
period lasting for 72 hours), all three subjects manifested a high degree of adaptation,
as evidenced by the absence of subjective response and motion sickness. At the com-
pletion of the CCW testing schedule, the subjects were again exposed to a quantitatively
similar level of Coriolis stimulation but this time in the clockwise direction (CW) of
rotation. Since adaptation to one end of what Gibson (1) has called an "oppositional”
sensory dimension usually involves an increased sensitivity fo the other end (7), it was
expected that the CW rotation would produce a much greater sensory response than that
observed during the initial exposure to the CCW direction. It was surprising, therefore,
to obtain quite the opposite result; the response to CW rotation was significantly reduced
with respect to the initial response to CCW rotation in all three subjects.

There appeared to be at least two explanations for this phenomenon. The first was
that the sustained exposure to Coriolis accelerations experienced by these subjects during
CCW rotation had resulted in some generalized suppression of vestibular activity, medi-
ated perhaps by efferent pathways, as emphasized by Graybiel (2), which was reflected
in the reduced response to CW rotation. The second explanation was based upon the
fact that immediately following each period of CCW Coriolis stimulation, the subjects
were required to make the same head movements in a stationary environment in order to
assess the strength and persistence of the perrotatory adaptation processes. Here, it was
argued that since the postrotatory responses (being opposite in sign to those obtained
during CCW rotation) were qualitatively similar to those thot would have been produced
by Coriolis stimulation in the opposite (CW) direction, the neural record of their exis-
tence subsequently facilitated adaptation when the same type of response was actually
evoked by CW rotation.

~ The latter type of hypothesis depended for its rationale upon the "two-stage" models
of habituation advanced by Groen (5), Held (6), and Sokolov (11) as opposed to the "one-
stage" models proposed by Pavlov (8) and others. Two-stage models involve a first stage
in which the current sensory input is matched to a neural record of "exposure-history."
The second stage depends upon the results of this matching process. A mismatch signal
sets in frain a number of physiological and behavioral events whose precise nature depends
upon the receptors involved and the quality of the signal. In these models, the process

of adaptation is due fo the information contfained in the neural record being progressively
updated so that, eventually, it approximates to the prevailing sensory input. When this
match is achieved, the second stage is not activated and the organism is considered to
have adapted to that specific environment.

In the present case, it is suggested that the postrotatory responses following CCW
stimulation laid down appropriate traces within the neural store; their presence, on en-
countering the same direction of response in the CW situation, rendered the process of
updating more rapid. Thus, it is hypothesized that the postrotatory responses following



CCW rotation, although produced in the absence of a Coriolis stimulus, were of the same
"neural currency” as the responses evoked during CW Coriolis stimulation and therefore
hastened the process of adaptation in that condition.

Of the two types of explanations discussed, the notion of generalized suppression
and that of "equivalent traces, " the latter was considered to be the more amenable fo
experimental testing. The present experiment was designed fo provide such a test by
varying the type of activity carried out during a fixed period of zero velocity interven=-
ing between equal but directionally opposite exposures to controlled Coriolis accelera~
tions. One group of subjects (the "activity" group) were occupied during the interven-
ing stationary period with making continuous head movements of the sort used to gener-
ate the perrotational stimuli; in the other group (the "immobilization" group), each
subject's head and trunk were immobilized by mechanical devices for the same period of
time. The following experimental predictions were generated from the "equivalent
trace" hypothesis discussed above:

1). For the activity group, the rate of adaptation to the second direction of
rotation (Run 1) will be faster and the responses subjectively weaker than
in the initial direction (Run I). For the immobilization group, however,
the direction of the difference will be reversed; the rate of adaptation for
Run i will be slower and subjective responses stronger than in Run . The
latter part of this prediction is based on the assumption that the period of
immobilization will preserve the postrotatory responses which, in Run Ii,
will add on to the perrofatory responses and cause them to be felt more
strongly.

2). On the same assumption, it was expected that in the activity group, the
postrotatory responses following Run ] (Postrun 1) would be less severe
and of shorter duration than those following Run ! (Postrun i).

PROCEDURE
SUBJECTS

Twenty=-four young men, either junior naval officers or enlisted personnel, were used
as subjects. Only three had had any prior experience of experimentally induced Coriolis
stimulation. All were known to be in good health at the time of the experiment.

METHOD

The experiment was carried out in a slow rotation room (SRR). A full description
of this facility has been given elsewhere (4).

The perrotational procedures were designed to be identical for both the dctivity
(N =16) and the immobilization (N = 8) groups. In Run i, each subject executed con=~
trolled head and body movements at each of six 1-rpm increases in the angulor velocity



of the SRR; that is, rotation commenced at 1 rpm and proceeded via a series of 1=rpm
step increments up to a terminal velocity of 6 rpm.

The movements were grouped into sequences of eight: four "down" movements
(front, back, left, and right) and four "return" movements to the upright position. With
each down movement, the neck and trunk were flexed sufficiently to enable the head to
pass through an arc of 90°. The extent of these movements was controlled by variable
position head pads attached to the subject's chair, The movements were made in response
to taped instructions and were initiated at 3-second intervals. The four down movements
were ordered randomly within each sequence.

At the completion of each individual motion, the subject was required to make a
forced~choice detection judgment., One of two alternative responses could be made:
either "Yes, " meaning that the subject had detected some sensation due to the rotating
environment, or "No, " meaning that he was not aware of the effecis of the Coriolis
acceleration. Two sensory components contributed to the affirmative response: first,
those nonvestibular proprioceptive cues that told him his head and torso were being
deflected from their desired path during the movement; second, those sensations of vestib-
ular origin that could be detected both during and at the end of the motion. The latfter
could be perceived either as apparent visual motion within conveniently located struc-
tured visual surfaces, or as more diffuse sensations of apparent whole-body movement.
The negative response was appropriate when neither of these two sensory elements was
detected; that is, when the sensations accompanying the movement were indistinguish~-
able from those in a stationary environment without prior exposure.

At each velocity step the movements were continued until each of 24 consecutive
responses (three complete sequences) had elicited a negative response and the subject
was judged to have no indications of motion sickness. When this arbitrary adaptation
criterion was met, the angular velocity of the device was increased by 1 rpm and the
procedure repeated until the terminal velocity of 6 rpm was reached; at this point, the
device was brought to a stop.

For both the activity and the immobilization groups, the period of zero velocity
intervening between Run | and Run !l was 30 minutes. During this period, the activity
group continued to moke the controlled movements and Yes~No responses for a total of
50 sequences with a 5-minute rest period after the thirtieth sequence. In the immobili-
zation group, however, an orthopedic neck brace was applied together with a device
which secured the upper body to the chair's back rest before the SRR was stopped and
after attaining the adaptation criterion at the terminal velocity for Run I. Those subjects
remained immobilized for the entire 30~minute period at zero velocity.

At the end of this period Run Il was commenced; this was identical to Run | with the
exception that the direction of rotation was reversed. .Within each group the directions
of rotation were balanced such that approximately half the subjects went CCW during
Run 1 and CW during Run 1, while the other half went CW during Run | and CCW during
Run H. At the completion of Run [l the SRR was brought to a stop and subjects continued
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to make the controlled movements until they had achieved the adaptation criterion for
their postrotatory sensations. A diagrammatic description of the stimulus profile is given
in Figure 1.

The only exceptions to this procedure were made when symptoms of motion sickness
were reported by the subject or detected by the onboard observer. When such symptoms
were observed, a back rest was placed in the chair and the subjects were asked to re-
main still until they judged themselves to be sufficiently recovered to continue the move~
ments, The experiment was stopped when the rest failed to produce recovery, or when
the symptoms exceeded the Malaise i criterion (3).

RESULTS

DIRECTIONAL EFFECTS

To establish whether there was any difference due to the initial direction of rotation,
a comparison was made of the fotal number of affirmative responses obtained in Run I
between subjects who rotated CW and CCW., This comparison involved the total sample
with the exception of the one subject who failed to complete Run | due to motion sickness.
Means and standard deviations for the two directions of rotation are shown in Table I.

Table |

Comparison of Total Number of Affirmative Responses Produced During
Run I by CW and CCW Rotation

CwW CCW
Rotation Rotation
Mean 86.54 58.10
SD 77 .34 79.37
Subjects (N): 11 12

A Mann -Whitney "U" test (10) indicated that this difference was not statistically
significant (U =44; n, = 11, n, = 12); therefore, no differentiation was made between
the two directions of rotation in the other analyses.

MOTION SICKNESS SYMPTOMATOLOGY

There was a much greater incidence and severity of motion sickness symptoms in the
immobilization (1) group than in the activity (A) group. The degree of symptoms and the
points at which they were observed during the experimental procedure are shown in
Table 11, '
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Table {i
Motion Sickness Symptomatology in the Two Groups

Activity Group

Subjects Run | Postrun | Run i Postrun i1

RO NS NS NS NS

PH NS NS NS NS

PL NS NS NS NS

Ri NS NS NS NS

SC NS NS NS NS

Sw NS NS NS NS

AC NS NS NS NS

MA NS NS NS NS

ZA NS NS NS NS

BU NS Ml M 11 (5) M 11

HA NS NS NS NS

SCH NS NS NS NS

JO NS M M 11* (4) -

JH M 11 (3) Vomit* - -

FR M 11 (6) M1 Vomit* (3) -

e MIE®) e e e
No symptoms: 81% 73% 79% 92%
Symptoms: 13% 20% 7% 8%
able to go on
Symptoms: 6% 7% 14% 0%
O U e e

immobilization Group

JL NS NS M THT* (1) -

SO NS NS M 11 (2) M1

ST M It NS M I (1) -

DA NS NS M T (1) -

DU NS NS NS NS

SK NS NS M 111 (1) -

SH NS NS M 1 (1) -
A NS NS M) .
No symptoms: 88% 100% 12% -
Symptoms: 12% 0% 12% -
able to go on
>ymptoms: 0% 0% 75% -
abort run
*Indicates run aborted at this point. M = moderate melaise. M lil = severe or marked

malaise, NS = no symptoms. Numbers in porentheses indicate the RPM value at which
symptoms first appeared in that particular condition.



it is evident from Table i that although the incidence of motion sickness for the two
groups was fairly similar in Run i, it differed markedly in Run Hi. In thesecond direction
of rotation, only two subjects in the A group reached an M iil state or worse; whereas,
in the | group, 6 of the 8 subjects reached an M lil condition. It is interesting to note
that all those subjects of group A who had symptoms during Run Il also had had symptoms
during the preceding period af zero velocity or during Run . The impression that the
symptoms had been aggravated rather than initiated by the Run Ii head movements was
supported by statements made by these subjecis.

The percentage values of the incidence of symptoms for the A group also indicate
that for them the most stressful period was the intervening period at zero velocity when
the postrotatory effects were most severe. This result was compatible with the notion
that the refurn to zero velocity after adapting to 6 rpm constituted the period of greatest
maladaptation for the subjects, At the cessation of rotation, there was o change from 6
to 0 rpm, whereas in the perrotational phase, the change in angular velocity never ex-
ceeded 1 rpm at any one time.

COMPARISONS WITHIN THE ACTIVITY (A) GROUP

Two related measures were used in comparing the performance of the A group in
Runs | and II and their subsequent postrotatory phenomena: 1) the total number of affirma-
tive responses during and immediately following the two periods of rotation, and 2) the
total number of movement sequences executed prior to the terminal adaptation criterion.
The former reflects the amount of response before a given level of adaptation is attained,
while the latter indicates the amount of stimulation necessary to achieve that level,

Table 1il shows the total numbers of affirmative responses and sequences for each of
the two perrotational and postrotational periods. Only those data for the 12 subjects who
completed all four periods are shown. The means of those totals are displayed graphically
in Figure 2,

It can be seen that in the perrotatory affirmative responses, nine of the twelve sub~
jects produced a fewer number in Run [l than in Run I, while three produced a greater
number. For the sequences, seven executed a smaller number in Run Il than in 1, three
executed the some number, and two o greater number. In the postrotatory periods, the
predicted effects were much more clear-cut. All twelve subjects produced fewer affir~
mative responses in the second postrun period than in the first; nine subjects executed @
fewer number of sequences in the second postrun period; and the remaining three execu=
ted the same number as in the first postrun period.
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Table i

Total Number of Affirmative Responses Produced, and Movement Sequences Executed by
the Activity Group in the Four Experimental Conditions

Total Affirmatives Total Sequences
Subjects  Run | Run il Postrun I Postrun Il 11Run I Run Il Postrun I Postrun 1
RO 12 16 14 8 6 6 2 2
PH 11 8 6 3 6 5 1 1
PL 68 34 45 30 39 17 7 7
Ri 32 29 28 17 9 9 4 3
- SC 42 34 58 29 17 15 13 5
SwW 43 63 47 31 23 30 10 9
AC 50 26 39 15 28 8 8 3
MA 32 10 25 7 11 6 4 1
ZA 56 72 56 43 27 41 13 8
BU 179 175 117 59 28 28 15 9
HA 31 4 38 18 31 3 13 5
SCH 32 3 38 3 27 3 5 1
X 49,0 39.5 42.6 21.9 21.0 14, 7.9 4.5
SD 46.2 47.9 28.1 17.1 10.9 12.4 4.8 3.1

The "t" test for correlated means was applied to each of the four conditions, and the
results are os follows:

P
Comparison t-value (one-tailed test)
Total affirmatives, Run i vs Run i 1.863 <.,05
Total affirmatives, Postrun | vs i 4,848 <.005
Total sequences, Run [ vs Run [i 1.743 NS
Total sequences, Postrun I vs Ii 3.908 <.01

To establish whether the decrement in response observed in Run I was in any way
related to angular velocity, the mean number of affirmative responses at each of the six
step velocities in Runs | and Il was computed; the results are shown graphically in Figure 3.
For both Runs | and il there was a marked tendency for the number of offirmative responses
prior to adaptation to increase as a function of the absolute angular velocity despite the
fact that the step~increment in each case was held constant at 1 rpm. In general, the
greatest decreases in such responses in Run Il (in relation to Run [) occurred at the highest
angular velocities, being greatest ai 4 and 6 rpm.
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In view of the characteristic differences that are known to exist among individuals
in the rates af which they adapt to Coriolis stimulation, it seemed reasonable to expect
that the amount of response reduction in Run i would bear some relationship to the rate
af which the individual adapted fo Run i. A Spearman rank-order correlation was com-
puted between (a) the total number of affirmative responses evoked in Run i (largest
value assigned rank one), and (b) the decrement in Run il expressed as a percentage of
(a) where the smallest value was assigned rank one., The resulting coefficient was
rg = .12 (N =12) which was not significant.

COMPARISONS WITHIN THE IMMOBILIZATION (1) GROUP

Since most of the subjects in this group failed to complete Run 1i because of motion
sickness, it was impossible to employ the same measures as those used for the activity
group. Consequently, two other measures were used to make quantitative comparisons
between Runs | and ll: 1) equivalent number of affirmative responses, i.e., the number
of affirmative responses in Run Il as compared to those obtained in the identical sequences
in Run {; and 2) the average number of affirmative responses over all sequences, i.e., in
both Run | and Il this was obtained by dividing the total number of affirmatives by the
total number of sequences executed prior to criterion.

The findings for the | group are summarized in Table IV and Figure 4. The postrun I
head movements were not scored since only two of the eight subjects were able to perform
them,

Table IV

Total Number of Equivalent Responses and Averaged Responses From the immobilization
Group During Runs ! and i

Total Equivalent Responses  Mean Number of Affirmatives Per Sequence

Subjecis Run i Run i Run | Run 1}
JL 23 109 3.3 4,1
SO 13 36 1.9 3.0
ST i 24 1.9 8.0
DA 14 28 1.6 2,9
DU 21 35 1.5 2.7
SK 20 50 3.9 5.6
SH 8 48 3.2 8.0
BA 5 8 2.5 8.0

X 13.1 42, 2.5 5.3
SD 7.9 30.1 0.89 2.4
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As before, "t" tests for correlated means were applied to both sets of data, and the
results of this analysis are given below:

P
Comparison t=value (one-tailed test)
Equivalent affirmatives, | vs Il 3.49 <.01
Average number of affirmatives, 1vs Il  2.80 <.02

For both measures, each paired comparison was in the direction of the experimental
prediction inasmuch as the responses produced in Run Il were clearly more intense ond
more stressful than those evoked in Run I. It was not possible to obtain direct informa=
tion concerning rates of adaptation owing to the incomplete data; but, from the results
available, it was evident that had motion sickness not intervened, this process would
have been relatively prolonged in most cases.

Examination of the individual records in the | group suggested that those subjects

who reached a Malaise !l state most rapidly in Run Il were those who also reported a
relatively high number of affirmative responses during Run 1. To test this observation
statistically, a Spearman rank-order correlation was computed between (a) the number
of sequences executed prior to the onset of M lil during Run I, and (b) the total number
of affirmative responses reported during Run I. The rank of one was assigned to the
- largest number of affirmative responses in Run | and to the smallest number of sequences
in Run 1. A coefficient of r, = .78 was obtained which was significant at the 5 per
cent level of confidence (N = §),

SUBJECTIVE EVALUATIONS OF THE RELATIVE STRENGTH OF SENSATION
IN RUN i AS COMPARED TO RUN 1|

Subjects in both the A and | groups were asked to judge whether the strength of sen~

sation evoked in Run Il was generally "weaker, " "the same as, " or "stronger"” than that
evoked in Run |. The results of these subjective ratings are summarized in Table V.

Table V

Relative Strengths of Sensations Produced in Run Il as Compared to Run |

Weaker Same As Stronger
A group (N = 14) 71% 29% 0%
[ group (N = 8) 0% 0% 100%
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DISCUSSION

The findings with respect to the immobilization group were the most clear-cut and
also those which are perhaps the easiest to explain. it was evident that Run 1f was more
stressful in terms of provoking motion sickness symptoms as well as more provocative of
vestibular and nonvestibular proprioceptive responses than Run {. This was clearly a case
in which desensitization to one end of an "oppositional" sensory dimension (1) through
the mechanism of adaptation resulted in an increased sensitivity to the other end of the
same continuum. This is compatible with results obtained in most other sensory modalities

).

It was found in a previous investigation (9) and has been amply demonsirated in the
present study that immediately following a sufficient period of exposure to Coriolis stim-
ulation, postrotatory responses which are qualitatively similar but of the opposite sign to
the perrotational responses can be evoked by the same head motions as those used to ad-
minister the Coriolis stimuli. In the case of the | group, however, the head restraint
devices were applied prior to cessation of rotation af the end of Run i, thus preserving,
to a large extent, the degree of adaptation to 6 rpm attained in the initial direction of
rotation. [t seems reasonable to assume that with the possible exception of some spontan~
eous remission of adaptation, this state was preserved throughout the 30-minute period
of immobilization in a stationary environment. Thus, when head motions were made at
1 rpm in the opposite direction of rotation, they not only evoked the normal Coriolis
responses, but also "discharged" the postrotatory responses held over from the previous
direction of rotation. Since both types of responses were qualitatively of the same sign,
it is likely that they summated algebraically to produce the intense subjective effects
and the rapid development of motion sickness observed in this condition. In effect,
therefore, by this procedure, individuals who were adapted to 6 rpm in one direction of
rotation and then exposed fo 1 rpm in the opposite direction had little, if any, loss of
the original level of adaptation as a result of the intervening 30~minute period.

The differences observed in the activity group between Runs | and i1, although less
pronounced, were more interesting from a theoretical point of view since they offered
some insight into the mechanisms of adaptation. Here, as predicted, the differences be~
tween Runs land Il were reversed with respect to the immobilization group. In addition,
the responses obtained during Postrun Il were consistently fewer and weaker than those
obtained during Postrun I. Both of these findings are compatible with the "two-stage"
modei of adaptation outlined in the introductory section.

It is argued that the process of adaptation to an atypical environment (rotation) or
readaptation to a typical environment (stationary) involves the updating of a neural
storage mechanism and is complete when the contents of this store are congruent with the
current sensory input. Within the store, this process of updating is effected by the reten=-
tion of the essential informational characteristics of the sensory response. In Sokolov's
words (11), "The model postulates a chain of neural cells which preserve information
about the intensity, the quality, the duration, and the order of presentation of the stim=-
uli." The store is assumed to operate on a recency principle such that informational

14



traces relating to recent stimuli have priority over those established by earlier sensory
inputs. In more general terms, this process can be regarded as one in which the central
nervous system "learns” the informational characteristics of the prevailing environment
and then capitalizes upon this knowledge (with respect to its limited capacity) by not
reacting to the inveriant properties of this environment,

in the present experiment, the activity group were exposed to four consecutive
treatments in which Run | and Posirun i, on the one hand, and Postrun | and Run ii, on
the other, produced responses which were directionally the same within each pair of
treatments and directionally opposed across pairs; i.e., the responses in Run | and Post-
run |l were opposite to those in Postrun fand Run 1f. On the basis of the storage concept
set out above, if is suggested that during Run | and Postrun | informational traces appro-
priate to the sensory responses evoked in these conditions were established which accel~
erated the updating process when the second member of each pair of treatments was en=
countered. Implicit in this argument is the assumption that the informationa! traces
laid down by the postrotatory responses are interchangeabie with those established by the
perrotatory responses, even though the former are evoked by different stimulus conditions
than the latter.

It can be seen from Figure 2 that the difference, in the activity group, between
Postrun | and Postryn Ii responses was greater than that between Run | and Run ii; more-
over, in the former case, all subjects showed a reduction in Postrun 1, whereas in Run }i
some individuals showed an increase. There would seem to be at least two factors con-
tributing to the greater and more consistent difference in the postrotatory responses.
First, all subjects of the A group executed a greater number of sequences in Run 1 than
in Postrun I; hence, the informational traces appropriate to Postrun I were likely to be
better established than those appropriate to Run {i. Second, the stimulus characteristics
of the stationary environment are overlearned so that the process of updating is, in any
case, likely to be more rapid during the second period of readaptation,

As far as the observation which provoked this study is concerned, it seems reason-
able to assume on the basis of the present findings that the relatively muted response to
CW Coriolis stimulation noted in subjects who had been continuously exposed to CCW
stimulation (9) was due, at least in part, to the fact that those individuals had experi-
enced postrotatory responses of the same "sign" as those evoked by CW rotation. This
conclusion, however, does not exclude the possibility that some generalized vestibular
suppression due to the prolonged CCW exposure may also have contributed to this phe~
nomenon.

In practical terms, the results of this investigation suggest that it would be benefi-
cial to include these postrotatory responses into any adaptation schedule designed to pro-
vide protection against motion sickness and vertigo in a rotating environment. The prob-
lem with any such schedule is that, unless it is extremely elaborate and time consuming,
its prophylactic powers are likely to be directionally specific. The present findings indi-
cate that the addition of a procedure which elicits the postrotatory responses provides

some margin of protection in the opposite direction of rotation with little extra cost in
time or effort,
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