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Foreword

The fifth symposium emphasizing vestibular problems in space exploration divides
into two parts. The first part is operationally oriented, and the second is devoted to
recent contributions to our knowledge of the vestibular system.

More than 100 attendees representing six countries were welcomed by Dr. Walton

L. Jones on behalf of CHABA, National Academy of Sciences—National Research
Council, and the National Aeronautics and Space Administration. Dr. Jones em-
phasized the unique opportunity in space flight to investigate vestibular function
when the stimulus due to gravity is lifted. He noted that this was one of many related
‘problems of a complex nature, requiring a multidisciplinary approach if artificial
gravity is deemed necessary on extended space missions. Dr. Jones pointed to the
proceedings of the vestibular symposiums as an example of the fading lines of
demarkation among life scientists, physicians, and engineers.

The keynote address by Mr. Douglas R. Lord on “The Space Station” was an
authoritative account, beautifully illustrated, of an artificial satellite of modular
construction that would serve admirably as a place to live and work. Planning the
space station represented an enormous undertaking, and never before was so much
deliberation and research given to “human habitability” in an exotic environment.
Mr. Lord’s presentation was backed up by Mr. George A. Keller’s description of a
proposed rotating space station for the study of effects of fractional g-loads. Other
speakers dealt with problems likely to be encountered in a rotating space station,
including locomotion, performance of a variety of tasks, physical fitness, and vestib-
ular side effects.

Dr. Charles A. Berry, in opening the first session, presented a detailed account
of the motion sickness experienced by nine astronauts in orbital flight. The con-
clusion was reached that motion sickness, although a problem, was not a serious
problem in any of the nine astronauts. The need to take into account benefits as
well as undesirable side effects resulting from exposure to weightlessness was em-
phasized.

If a decision is made to rotate a portion of a space station, a second cause of
vestibular side effects must be taken into account. Although motion sickness is, in
all likelihood, the chief side effect in the weightless and rotating environments, the
problems posed are different. On transition into weightlessness it appears that many
persons are less rather than more susceptible to motion sickness, and preflight identi-
fication and adaptation are not readily achieved. Moreover, the “worst case” situation
is experienced immediately if head movements are made and the problem may
involve treatment rather than prevention of motion sickness. The rotation of a
spacecraft is easily simulated under ground-based conditions; thus preflight de-
termination of susceptibility to rotation and, if need-be, adaptation to rotation are
readily achieved. Moreover, by the use of a rotating chair aloft, counterrotation
makes it possible to use an incremental adaptation schedule that would avoid eliciting
symptoms. Thus, in terms of coping with motion sickness aloft (as distinct from the
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overall magnitude of the problem), the greater difficulty is expected in the weightless
rather than in the rotating environment.

Presentations in the second part of the symposium dealing with the vestibular
system included reports on the morphology of the end organs, central nervous system
connections, habituation of vestibular side effects, and models based on side effects
of canalicular and’ otolithic origin.

Recent additions to our knowledge of central nervous system connections deserve
special attention, for the reason that the reflex vestibular system revealed by classical
morphological techniques is not extensive, and it is clearly evident that vestibular
activity (or influences) reaches far beyond: these anatomically defined boundaries.
This has encouraged the use of other than classical morphological techniques to
reveal additional vestibular pathways. When, for instance, the electrophysiologist
stimulates (often in a highly abnormal manner) the vestibular nerve or a smaller
component of the vestibular nervous system, the question arises whether the stimulus
condition is analogous to that used in eliciting vestibular side effects in normal
persons. If we have not used a wrong analogy, care must be used in categorizing
(from normal to abnormal) vestibular pathways defined by other than classical
morphological techniques.

The question has been raised by a number of investigators whether a sixth sym-
posium will be held in Pensacola. During the 6 years that have elapsed between
the first and fifth symposiums in this series, the opportunities to participate in
meetings devoted wholly or in part to the vestibular system have greatly increased.
In consequence, the reasons for holding a sixth symposium in Pensacola would
depend mainly on the desirability to see and learn about equipment, either not
available or mnot so readily available elsewhere, or to focus attention on specific
operational problems. The fact that the vestibular problems have been identified
(that is, given names) does not increase our understanding of the problems.

Rather than excuses for the delay in publication of the proceedings and for the
failure to include the discussions, we offer our apology.

AsHTON GRAYBIEL

Naval Aerospace Medical Research Laboratory
Naval Aerospace Medical Institute

Naval Aerospace Medical Center

Pensacola, Florida
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W elcoming Address

Warton L. JoNEs
Office of Advanced Research and Technology, NASA

On four previous occasions I have had the priv-
ilege of welcoming you, on behalf of CHABA,
National Academy of Sciences—National Research
Council, and the National Aeronautics and Space
Administration, to a symposium on The Role of
the Vestibular Organs in Space Exploration. This
is a pleasure that I find is not dimmed through
repetition. Today, as we gather for the fifth of
these symposia, we will be presented with some of
the most advanced information extant in the gen-
eral field of vestibular physiology. We also will
deal with some very practical issues of importance
for the design of future spacecraft. In all, I antici-
pate that the present meeting will be every bit as
productive and rewarding as the previous symposia.

The scientist of tomorrow—and 1 hesitate to
use such terms as physiologist, physician, and
engineer, in view of the rapid trend toward multi-
disciplined research, which is fading the lines of
demarcation among these professions—will view
the combined reports of these meetings as the
single most comprehensive treatise dealing with
the vestibular system and its importance in space-
age living. The file of these reports will for the
foreseeable future occupy a place of prominence
on the desks of individuals conducting research
in this field. The use of these documents also will
tend to accelerate the trend toward multidisciplined
research I noted a moment ago. Here the final
product has not resulted from the labors of a
single individual, as was the case with Helmholtz’s
magnificent opus on physiological optics, but is
rather the result of research efforts in all of the
biological and physical sciences, including even
the new science of computer modeling.

Now let us turn for a moment to the manner in
which I feel these symposia are. contributing to

the field of medicine. In 1822 a Canadian named
Alexis St. Martin suffered an accidental gunshot
wound that caused a great opening in his side.
Miraculously, St. Martin survived the accident,
although he was left with a 6.3-cm-diameter fistula
that led directly through skin and muscle into the
stomach. The doctor attending St. Martin recog-
nized that this peephole into his stomach presented
a unique and priceless opportunity for a systematic
study of the digestive system in operation. Invalu-
able medical knowledge was gained through the
exploitation of this opportunity.

In a similar matter the medical profession again
is presented with a unique opportunity for an
increased understanding of physiological function-
ing. Orbital flight represents the first instance in
which it is possible to study in any detail the func-
tioning of the vestibular system in the absence of
normal gravity. Plans have been under way for
several years to take advantage of these circum-
stances through an orbital experiment in which
the direct output of the otolith will be measured
during weightlessness. Dr. Torquato Gualtierotti
had: planned to speak to you on this experiment.
However, he is in the final preparation for the
launch. There are booklets available describing the
experiment. The impetus for this flight experiment
comes, at least in part, from discussions held dur-
ing the course of previous vestibular meetings.

Now let us turn to a consideration of the value
of these meetings in direct support of NASA ob-
jectives. A major issue throughout the biomedical
community, and also throughout NASA, can be
expressed quite simply: What is the definitive
role of man in space? We need to know what man
can do best in the space environment. What are
his performance capabilities in roles for which
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2 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

automated hardware systems are not feasible?
Finally, and of particular importance, what support
must be provided for the man in order to ensure
that he will perform optimally in space? It is on
this latter point that the discussions in these meet-
ings will be of value to NASA. At the moment,
one of the major unresolved issues in the area of
human support deals with the possible need for
an artificial-gravity system in spacecraft. Dr.
- Charles Berry of the Manned Spacecraft Center
will present some excellent information from recent
Apollo missions, which should serve to trigger
extensive discussion on this point. The NASA
Office of Manned Space Flight and the Manned
Spacecraft Center require just such a careful con-
sideration of these data as they deal with design
decisions concerning the next generation of space-
craft. The Office of Advanced Research and Tech-
nology also benefits as these meetings pinpoint
gaps in our knowledge and then point the way for
OART research programs that, in turn, will be
able to supply the information required by OMSF
and MSC 5 to 10 years from now. Thus the in-

formation presented at these meetings, and the
subsequent critiques, are valuable in supporting
the various internal functions of NASA.

As one remaining point, I should like to note
that these meetings give us in NASA, in DoD,
and in industry a chance to interact at some length
with members of our leading universities. This
close working relationship, leaning as it does on
the tremendous capability residing in the academic
world, is very important for NASA and must be
maintained through meetings such as these.

Finally, I should like to take just a moment for
a different thought. Several times I have mentioned
the contribution of persons from various disciplines
and from various working environments and have
stated that the results of these meetings come
through the efforts of many persons. However,
there is one individual without whose drive, pow-
ers of organization, and scientific prestige the
meetings never would have occurred. I refer, of
course, to Dr. Ashton Graybiel. We all owe him
a note of genuine appreciation.
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KEYNOTE ADDRESS

The Space Station: Key to Living in Space

Doucras R. Lorp
Office of Manned Space Flight, NASA

It is an honor to be given this opportunity to
make the keynote talk. As I mentioned to Admiral
Gray, the last time I was in Pensacola was a few
years ago when I was a 20-year-old ensign being
discarded by the Navy presumably because I was
too old to cut the mustard. It is a real pleasure
to be back here in Pensacola again and to see so
many Navy people. I chose the subject “The Space
Station: Key to Living in Space” because, as 1
looked -at your agenda and saw so many medical
subjects, being an engineer, I felt the one thing. I
definitely could not say anything about was any-
thing medical. I could get nothing but trouble
from you. As you know, I have been devoting
much of my last several years to the subject of
the space station, and I would like to give you a
status report of where we stand today, how we
got to where we are, and what we are looking
forward to in the future.

Last year, you may remember, as a result of
the successful lunar landing mission of Apollo 11,
the President appointed a Space Task Group and
asked them to take another look at the space pro-
gram and to give him advice as to where we
should be going in the future. The task group
recommended to the President that our main pur-
poses in space should be three: exploration, the
accumulation of scientific knowledge, and deriving
practical applications to benefit man on Earth.
The specific objectives related to those major pur-
poses were to continue the exploration of the
Moon, to go on and explore the planets and the
rest of the universe, to reduce substantially the
cost of space operations from what it has been in
the past, to extend man’s capabilities to live and
work in space, to convert these benefits that we

have talked about to the usefulness of man, and
to encourage greater international cooperation.

I should like to point out that the space station
can be related to each one of these efforts. In the
area of exploration of the Moon, it may be that
later, as the approach to exploration of the Moon
evolves, we can consider putting a station in orbit
around the Moon and using that as our base of
operations rather than a site on the surface of the
Moon itself. Thus, while we are conducting sur-
face explorations, we can be readying the follow-
on missions and sending exploratory probes down
to places of lesser interest on the Moon, but of
significance to the overall exploration. I will give
you an idea later how our present designs can be
adapted to manned planetary missions, how they
can serve as way stations for unmanned explora-
tions of the planets, and how they can be used by
astronomers in looking at the universe. To reduce
the cost of space operations, we have to incorporate
features of reuse and long life. Both of these are
essential qualities of the station. To extend man’s
capabilities to live and work in space, we need to
acquire experience. This is a key to expanding the
practical applications of space. By taking very
advanced sensors to a station and using them with
men aboard, able to make changes on a real-time
basis, we believe we can hasten the development
of these types of equipment. Finally, a station that
can accommodate 10, 12, or perhaps 50 men in
space will give us the opportunity for the first time
to have international crews.

The first purpose of the station is to conduct
scientific investigations, technological experiments,
and research in beneficial applications; so it is a
multidisciplinary facility in space, not unlike a
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laboratory here in Pensacola or any other place
in this country. Second, it would be used to develop
space subsystems which we would need for very
much longer missions, such as to the planets. Third,
the station will enable us to develop new opera-
tional techniques and equipment so that we can
reduce operating costs. Fourth, it would be useful
in developing systems that are applicable to lunar
and planetary exploration. Finally, although I
should not have put this one last for today’s meet-
ing, because I am sure this is the key to the purpose
of your sessions this week, it will enable us to
better understand man in space.

Over the past decade we have studied many
kinds of stations. Figure 1 represents a panorama
of the types of space stations that have been con-
sidered. We started early thinking very ambitious-
ly: 24 to 36 men, even as many as 100 men, in rota-
tional concepts. You have seen these pictures in Col-
liers and in old books by Wernher Von Braun and
others for many years. But we first took serious
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engineering looks at these in the early Sixties.
We then looked at ways of modularizing stations.
We looked at ways of extending the Apollo by
attaching either the LM or some kind of a small
canned laboratory to the command and service
module. We looked at the Manned Orbiting Re-
search. Laboratory, which was a six- to nine-man
station. There was a very substantial effort over
several years by Langley Research Center in this
area. We have gone on up to single launches of
the Saturn V, and we looked at various other con-
figurations.

Two systems got as far as an actual approved
program stage. One was the Manned Orbiting
Laboratory, a two-man, 30-day mission which the
Air Force undertook, until it was canceled last
year. The second, of course, is Skylab, our first
actual space station, which still is approved and
planned for flight in the latter part of 1972. It
will be a three-man system. Originally it was
planned to use the hydrogen tank of the S-IVB
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stage after it had been used as a propulsion stage.
Now it is a completely ground-outfitted stage and
is in a sense an embryonic space station, with
mission durations of first 1 month and then 2
months. The major emphasis of these missions, from
a scientific viewpoint, is on, first, medical experi-
ments for these longer durations, and, second, the
Apollo. telescope mount, which will be used to
conduct a series of solar observations.

Based on all of the past work, we decided this
last year to go into a phase-B-level study in depth
of the space station. We pooled all the resources
we had at that time and said, “Okay, knowing all
the facts we have, what kind of guidelines do we
want to give these design studies?” These, then,
are the guidelines for the phase-B program defini-
tion studies that were to end up in preliminary
designs. We said we thought the station should
have a 12-man crew. The 12-man level gives you
enough variation in trained personnel, enough of
a crew so that you can have shifts, and a reason-
able statistical sample on the men. You can ac-
complish a reasonable amount of work because
all of your crew are not busy just trying to keep
the systems going and staying alive. We said we
wanted it to be a permanent facility, so it would
have to operate for at least a 10-year period. We
said we would like it to be able to fit on a Saturn
V, whose payload in orbits we were talking about
(around 320-km altitude and 55° inclination) is
about 82 000 kg. We said, “All right. We will give
you a target of 50000 kg. We will allow 50-per-
cent weight growth, so we do not have to worry
about running out of weight.” It should not be
any bigger than the S-IC and S-II stages, so we
gave 10 m as a maximum diameter. The studies
quickly went to that maximum diameter, for a
number of reasons. You will see later one of the
problems of trying to put square rooms in round
cans; it is much easier with a larger diameter.
But frankly, the problem of people moving around
on the station is one of the major reasons for
specifying this dimension. We have some second
thoughts now that perhaps we should go back
and reexamine the 6.7-m diameter, but for the
time being I would like to concentrate on the
larger one.

We felt that each crewman should have his own
private compartment. If we are expecting 12 men

to live there for extended periods, 3 to 6 months,
we have to make the station a desirable place to
go, not just a convenient place or a required place,
but really desirable. We want essentially a normal
sea-level atmosphere. We wanted to be able to
operate without resupply in emergency modes, so
that we would not have to abandon in case one
of our logistic vehicles did not arrive on schedule.
We wanted to close the water and oxygen systems;
this is really not required for the station, because
we are close to the Earth and can resupply ex-
pendables in an open system; but it is desirable
to develop closed systems that could be used in
planetary missions someday. We should have, for
the first time, a sizable amount (say 25 kW) of
electrical power available to do the many experi-
ments. We wanted to be able to contain damage,
to be able to control and repair it, and to have
two independent compartments so we do not have
to abandon the space station in emergency situ-
ations.

One of the key things we put into the guidelines,
from your standpoint, was that the station should
be ‘able to do an assessment of the impact of
artificial gravity. Therefore our designs accommo-
date both zero-gravity and artificial-gravity con-
ditions. Our premise was that we would have
artificial gravity for maybe 2 weeks, 1 month, 2
months, whatever seemed to make the most sense,
and then we would go to a zero-gravity mode for
the rest of the normal mission. We said that the
core module should be potentially a part of a 50-
man space base. When we go to the space base,
we made a new statement with respect to artificial
gravity. We said, “We do not have a minimum
configuration any more. We have a very large
facility. In that case we want to be able to provide
both artificial gravity and zero gravity simulta-
neously.”

Finally, we said the core module, i.e., the basic
12-man module, should be potentially useful as a
planetary mission module. We have people in Con-
gress who give us all kinds of trouble on this point.
They say whenever we try to get a station started,
“All you're really trying to do is get your foot in
the door. You're really trying to go to Mars with
it.” We are not saying that we are planning a
Mars mission. What we are saying is that we do
not want this to be a dead-ended program.
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Ficure 2.—McDonnell Douglas Corporation 12-man design. Baseline configuration on right;
extended module on left.

I would like to describe now the outputs of the
present study effort. Figure 2 shows the 12-man
design as developed by the McDonnell Douglas
Corporation. They had Martin as a supporting con-
tractor in the experiment area, and IBM in a
supporting role on information management. This
is their extended-capability configuration. Their
baseline configuration was the 10-m cylinder on
the right, about 14 m long. Basically it has four
decks, each devoted to a particular area of work.
Two of them contain crew quarters. One deck is
primarily a general-purpose laboratory, and the
control station is on another one.

One of the key features of this configuration is
that they assumed a radioisotope power supply;
therefore you see no large solar arrays such as
we have on the Skylab program. Each supply pro-
vides 12.5 kW of power, and there are two in the
basic module, giving us our 25 kW. Then McDon-
nell Douglas had an extendible boom which could
be attached either to the S—II stage for artificial-
gravity assessments or to an extended module such
as that shown on the left of figure 2. This concept
uses up most of the 50-percent payload margin
that I was so careful to point out we were trying

to maintain. It cuts us down to about a 10-percent
margin, but it gives us a very great increase in
capability. They essentially added two additional
decks. As the spoke is extended, we have two
working decks on the left and four decks on the
right. Each deck gives us a different gravity level.
In this particular case they took advantage of one
deck to put in two centrifuges, one to be used foi
men and one to be used for plant or animal speci-
mens. All of this could be launched on a single
Saturn V.

Figure 3 shows the competitor, Brand X, in
this case North American Rockwell. NAR was
supported by General Electric. They went the solar
panel route, on the feeling that radioisotopes would
not be available. They believed that what we should
do is develop very large solar arrays. The total
area required for this design is 929 m? (10000
ft2). This area is provided by the four extendibl:
panels shown. NAR’s design approach was very
similar to that of McDonnell Douglas. They also
came up with four decks. The next few figures
show details of each deck.

Starting at the bottom of the configuration,
figure 4 shows the lower sgction, containing a
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Ficure 4.—Lower torus/tunnel/equipment bay arrangement,
showing cryogenic tanks in unpressurized portion. Other
areas feature shirtsleeve environment.

toroidal compartment. It is large enough to pro-
vide a 1-m circular passageway and the storage
of subsystem equipment, bulk storage, and the like.
It has two access ports, and there is a docking
port at the end of the conical area. Located in the
unpressurized volume are tanks for supply of
cryogenics.

Ficure 5.—Deck 1 arrangement, including galley, dining,
and wardroom areas and integrated medical and behavioral
laboratory measurement system.

FicURe 6.—Deck 2 arrangement, with staterooms. for five
crewmen plus commander, as well as personal hygiene and
primary control rocoms.

Deck 1 (fig. 5) contains the galley, dining, and
wardroom areas. It also houses the integrated
medical and behavioral laboratory measurement
system that Dr. Berry and others will probably
have some things to say about later. This deck has
two docking ports on it and a clear 1.5-m corridor
straight across it so that any large packages of
equipment, experimental or otherwise, can be
brought in through those ports and then taken
up or down through the decks to other ports.

Deck 2 (fig. 6), one of the decks providing liv-
ing accommodations, has spaces for five of the
crew plus the commander. The commander has a
little bit larger station; you have to have the right
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protocol, you know. This deck also includes a
‘waste-management area and the primary control
center for the station.

Decks 1 and 2 are separated from the third and
fourth decks by a pressure bulkhead, dividing the
station into two separate sections. For emergency
purposes we can use either just the first two decks
or the third and fourth. Deck 3 (fig. 7) provides
another stateroom area, very similar to deck 2.
There are staterooms for five of the crew, plus the
chief investigator or the chief scientist- on board,
and. another ~personal-hygiene system. Also the
major experiment control is here, and this area
can also be used as a backup for the primary sta-
tion control center. On one side there is an extra-
vehicular airlock that also can be used as an

FiGure 7.—Deck 3 arrangement, with staterooms for five
crewmen and chief investigator, plus personal hygiene and
experiment/backup control stations.

Ficure 8.—Deck 4 arrangement, devoted to laboratory
facilities.

intravehicular emergency access route to transfer
between the two sections of the station if necessary.

The fourth deck (fig. 8) is essentially an experi-
ment laboratory, including hard-data labs, photo
labs, and bioscience-type equipment. It is essential-
ly a completely open deck for experimenters who
want to conduct useful observations and measure:-
ments.

At the top of the station is the other toroid (fig.
9), which closes off the second pressure area, and
again is used for storage of cryogenics and other
bulk-type materials. It also contains the stabilize-
tion system, and there is another tunnel area with
another docking port at the end; this is normally
where the attachment is made to the power supply.

One of the main things we have to remember
about a station is that it is not just for the men to
live in; it is for them to work in. Table 1 indi-
cates the kinds of disciplines for which we hav:
to provide capabilities on the station. Each area
is concerned with certain phenomena. In the as-
tronomy area the main interest is in looking out
at solar and stellar phenomena. The space physics
area is concerned with either local physics around
the area of the station or with taking advantage of
its ready access to high-energy cosmic rays. In the
space biology area, interest is obviously on low
gravity and the absence of normal diurnal changes.
In Earth resources, we want to look at the Earth
again for obvious reasons. Each of these various
phenomena imposes requirements on the station.

Ficure 9.-—Upper torus/tunnel/equipment bay, used jor
bulk storage and stabilization system. Docking port is at
top.
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either in terms of stabilization, pointing, or life-
time. What we have tried to do in the station de-
signs is to provide the appropriate capability for

each of these phenomena to be observed.

TaBLE 1.—Laboratory Facility Provisions

Discipline

Phenomena

Activities provided
for

‘Astronomy

Solar and stellar

Observations in radio,
IR, visible UV, X-
rays and gamma-
ray spectra

Space physics

Cosmic ray
Plasma physics

High-energy particle
sources

Hydrogen-helium
ratio (relative
abundances)

Space biology

Low gravity
Circadian rhythm

Plants, small verte-
brates, primates,
invertebrates &
micro-organisms

Earth surveys

Location of earth
resources

Observation of sur-
face phenomena

Exploratory studies
Sensor development

Aerospace
medicine

Effects of long-dura-

tion zero gravity
and artificial
gravity

Biomedical
Behavioral

Space manu-
facturing

Zero gravity,
vacuum

Precision casting
Zone refining

Metal forming
Large crystal growth

Advanced
technology

Natural and
induced space
environment

Contamination and
exposure measure-
ment

Large structure
assembly

Sensor calibration

System & component
testing

These goals have been pursued by three ap-
proaches (fig. 10). The first employs integral
laboratory equipment that can be installed before
the initial launch or can be brought in at a later
time. The 1.5-m hatches and airlocks allow small
experiments to be deployed for short periods of
time and brought back in for maintenance and
replacement. The second approach is the attached
mode, where the module is attached full time and
is a parasite to the main station. The major pur-
pose of bringing it up separately is so that it can
be planned, developed, and assembled separately.
When funding is provided and the equipment be-
comes available, it can be brought up in a separate
logistics launch and attached and then remain
there until its usefulness is outlived. The third
approach is the detached or free-flying module,
which is particularly attractive in the astronomy
area, primarily because of contamination problems
from the station. Even when we go to our closed-
loop systems, I am always amazed at how many
things like methane gas and other such gasses and
leakage of normal atmospheric constituents tend
to get out. Therefore, both for contamination rea-
sons and for very precise pointing accuracies, we
tend to go to the free-flying or detached modules.
In this case they essentially stationkeep with respect
to the space station itself, staying within a few
hundred or a thousand kilometers of the station,
and are periodically returned to the station for
maintenance, resupply, etc.

I should like now to describe the artificial-gravity
approaches that the two contractors took. NAR
took the relatively standard one (fig. 11). Their
basic module is attached to the S-II stage, which
is the second stage of the Saturn V, and the whole
assembly is rotated, producing different gravity




4y

10 ‘ THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

e

Ficure 11.—North American Rockwell artificial-gravity
space station concept.

levels on each deck. One of the most ticklish prob-
lems with this approach is the support of the solar
panels during rotation. Therefore they are usually
not deployed fully while the station is being rotated.

McDonnell Douglas, in their extended-capability
arrangement described earlier, proposed the ap-
proach shown in figure 12. At a spin rate of 4 rpm
the various decks have g-levels from 0.7 down to
0.2 g. Of course they do not have to worry about
the solar arrays because they utilized the isotope-
Brayton power system.

One of the keys to the station is the matter of
logistics. I would be remiss if I did not say some-
thing about the space shuttle (fig. 13), because
it is our planned method for resupply of the sta-

58,5M '
3.3m 19, 24—
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Ficure 12—McDonnell Douglas artificial-gravity test
configuration.

Ficure 13.—T'wo-stage fixed-wing space shuttle.

tion. It is planned as a two-stage fully reusable
system. Figure 13 shows staging, where the first
stage, which is about the size of a C—5A but oper-
ates at about Mach 10, is returned to Earth by a
two-man crew and lands normally, although it is
launched vertically. The orbiter stage then would
have a cargo bay in the top part of it. We have
considered various sizes. The present design is
about 4.5 m in diameter by 18 m long. This .is
large enough to carry any kind of experiment that
could be conducted aboard the station, could be
kicked out into orbit and operate in a free-flying
mode, or could be attached to the station.

For station resupply, figure 14 shows the kind

T
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Ficure 14.—Cargo/crew shuttle transport module.
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Ficure 15.—Space base buildup scheme, showing launch
configuration for each step.
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Ficure 16.—Rotating space base configuration.

Ficure 17.—Rotating space base with counterrotating hub
section, providing zero total momentum along with arti-
ficial gravity.

of module or cargo container which would be re-
quired. This is a 4.5-by-9-m module which would
fit in the cargo bay of the shuttle. Part of the
volume would be used for liquid cargo, part of it
for solid cargo, and part of it for the 12-man crew
that would be taken up to the station. This particu-
lar design totals about 11 300 kg, which is approxi-
mately the payload capability anticipated for the
shuttle.

I said that I would tell you how we plan to go
from a station to a base (fig. 15). If we take the
initial station that I have been describing, in this
case with solar arrays, the question is: How do you
use that to build up to a 50-man base? Our design
has been planned so that, by adding hub systems
and nuclear reactor power supplies, providing 50
to 100 kW of power, then adding rotating modules
(again, these modules can be similar to the ones
we have designed for the basic station), and using
counterrotating systems to reduce the total mo-
mentum of the base, we can provide a 50-man
capability. Actually, about 50 percent of the usable
volume ends up in the zero-gravity central hub,
with the rest in the living areas out at the ends of
the rotating booms. Two artists’ sketches of these
configurations are shown in figures 16 and 17. The
first (fig. 16) is the counterrotation approach,
where each living module accommodates a 12-man
crew and rotates to provide the artificial-gravity
environment. Part of the hub counterrotates at a
rate synchronous with the station’s orbital rate,
thus providing continuous Earth viewing from
one side. The nuclear reactors are placed at the
end of the long axial boom to provide a minimum
radiation environment to the rest of the base.

" The other configuration (fig. 17) is quite similar
except that it does not have zero total momentum.
A major advantage of the counterrotating system,
of course, is that you can change fairly easily the
orientation of the total base whenever you want
to. In this case it requires considerable force be-
cause of the rather strong precession torques.

In closing I would like to say that, from an engi-
neer’s standpoint, I think we have the designs in
hand for building whatever is desirable in the way
of a station or a base. You solve the medical prob-
lems and we will solve the engineering problems.
It would help if you could get us a little money.
Thanks very much.
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Findings on American Astronauts
Bearing on the Issue of Artificial Gravity
for Future Manned Space Vehicles

CHARLES A. BERRY

National Aeronautics and Space Administration

SUMMARY

This paper reviews findings for American astronauts that may indicate some alteration in vestibular
response related to exposure to zero gravity, Of 25 individuals participating in Apollo missions 7
through 15, nine have experienced symptomatology that could be related to motion sickness. The
apparent divergence between these results and those from the Soviet space program, which initially
appears great, may reflect the greater emphasis given by Soviet investigators to vestibular aberrations.
Presently the incidence of motion sickness, long known as an indicator of vestibular disturbance,
seems too low to warrant any positive statement regarding inclusion of an artificial gravity system
in future long-term space missions. Where motion sickness has occurred, adaptation to weightlessness
has always resulted in abatement of symptoms. In the absence of biomedical justification for incorpo-
rating artificial gravity systems in long-term space-flight vehicles, engineering considerations may

dictate the manner in which the final ballot is cast.

INTRODUCTION

One of the major purposes of the biomedical
effort in support of the Mercury, Gemini, and
Apollo manned space flights has been to evaluate
the adaptation of astronauts to weightlessness. In
general, adaptation has proceeded much more
smoothly than some had predicted. For example,
concern was expressed about a decreased tolerance
to gravity or to increased gravity forces following
weightless flight. The Gemini 4 crew sustained a
peak of 8.2 g during the reentry phase without ad-
verse effects. Apollo reentry forces on return from
lunar missions have reached levels near 6.7 g. All
of these acceleration levels, which had been pre-
viously experienced by the crews during centrifuge
training, were well tolerated (ref. 1).

Medical and performance data available at the
present time do not support a requirement for arti-
ficial gravity systems in spacecraft. In the view of
spacecrews to the present time, artificial gravity
systems are unnecessary for task performance. Crews
have learned to live in a weightless state and feel

very confident in that state. Many have, in fact,
expressed a preference for a 0-g environment, since
the absence of gravity increases the useful volume
of what would otherwise be rather confined work
spaces.

On the other side of the coin, the provision of
artificial gravity would undoubtedly increase the
habitability of spacecraft. Eating would become a
simple affair, and locomotion would proceed nearly
as it does in the Earthbound environment. With arti-
ficial gravity, everyday activities in spacecraft could
be carried out as easily and simply as they are
in one’s own home. Where engineering considera-
tions are concerned, design tasks would be simplified
in that restraint systems and locemotion aids would
no longer be required. On the other hand, the
engineering tasks associated with designing the
artificial gravity system itself are formidable and
they could be costly.

The issue of the need for artificial gravity in
spacecraft of the future is no more clearly resolved
among Soviet scientists than it is in the United

15
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States. Valyavski (ref. 2) has summarized the Soviet
position by stating that investigations of the prob-
lem of weightlessness may indicate that man can
form adaptive mechanisms to the weightless state.
However, he added that until this is proved, tech-
nology would continue in the Soviet Union to at-
tempt to create artificial gravitation. This is a
problem which is “much in the forefront of modern
cosmonautics.” In discussions by the author with
various Soviet space medical authorities, it has
been indicated that the Soviet medical community
finds no basis for requiring artificial gravity, but
it is still a question of concern to Soviet space-system
designers.

Performance of the vestibular system is one good
index of man’s adaptive response to the weight-
less environment, since this sensor system is exquis-
itely sensitive to gravitational effect. In view of this
consideration, close attention has been paid to the
function of the vestibular apparatus in weightless
space flight. The relationship between the function
of the vestibular system and motion sickness is
well established; this phenomenon has therefore
been regarded as an indicator of vestibular dys-
function.

The object of this article is to review the response
of astronauts in the American space program to
the weightless environment, using performance of
the vestibular system, as indicated principally by
the motion-sickness phenomenon, as an index of
adaptation to zero gravity, and to attempt to draw
inferences from these findings related to the need, or
lack of need, for artificial gravity for future space
operations.

EARLY EXPECTATIONS CONCERNING
VESTIBULAR FUNCTION IN
WEIGHTLESSNESS

At the time of the first Mercury mission, there
was considerable concern regarding the possibility
of inflight motion sickness. Consequently anti-
motion-sickness drugs have been included in the
onboard medical kit since this early manned mis-
sion. They were carried in both injectable and oral
form. The drugs included were Tigan and Marezine.
To the surprise of many, these drugs were not
needed. For experimental purposes, attempts were
made to provoke vestibular responses by performing
head movements. in the spacecraft. Crews were in-

structed to perform head movements cautiousls
while reaching for or pointing to specific areas in
the spacecraft to demonstrate whether perceptual-
motor impairment had been provoked. Again, no
problem was noted.

THE FIRST INDICATION OF DIFFICULTY

No problems that might be indicative of vestib-
ular disturbance were noted in the brief American
flights that preceded the first one-day flight of th:
Russian cosmonaut G.S. Titov in Vostok 2. Titov
was reported to have shown transitory vestibular-
autonomic nervous system changes, but his “work
fitness” was said to be preserved, and he was re-
ported to have experienced no “essential physio-
logical discomfort” (ref..3). This first experienc:
of alteration in vestibular function proved to hav:
a rather significant psychological impact on Amer-
ican astronauts who were to follow the Titov flight.
One astronaut had become so convinced that h:
would be ill in flight that he experienced sensations
of nausea on the launch pad. However, when this
astronaut cautiously performed head movements
in flight toward the end of the mission, all went
very well and he experienced no real problems.

None of the Project Mercury astronauts ex-
perienced any vestibular difficulty that could b:
linked to exposure to weightlessness. Coincidentally,
both astronauts Glenn and Shepard were victims
of episodes that produced vestibular disturbances
some time after their space-flight exposure, but
neither of these incidents was in any way related
to the astronaut’s weightless experience. Astronaut
John Glenn experienced some very marked vestib-
ular disturbances (vertigo, nausea, and nystagmus
after a fall in which he sustained a severe blow to
the head in the area of the labyrinth. X-ray exam-
inations indicated that some hemorrhage had prob-
ably occurred in the area of the labyrinth. Symp-
toms, however, cleared over a period of time, and
he has had no residual problems and has returned
to flying. The case of astronaut Alan Shepard was
initially less clear-cut. Several years after his first
space flight he reported episodes of vertigo. The
presenting symptoms initially indicated viral laby-
rinthitis. It later became obvious that the astronaut
was in fact afflicted with Méniere’s disease. As a
result, he was grounded for a period of time. His
therapy at first included medication, which was



v
»

FINDINGS ON AMERICAN ASTRONAUTS 17

not altogether effective. Twenty-nine months prior
to the Apollo 14 flight, the condition was alleviated
by surgery that involved the emplacement of an
endolymphatic shunt, permitting the endolymph to
drain into the cerebrospinal fluid. This operation
was completely successful, and the symptoms became
totally absent (ref. 4). Astronaut Shepard was eval-
uated extensively at the Naval Aerospace Medical
Institute prior to his participation in the Apollo
14 mission and experienced no difficulty whatever
of a vestibular nature prior to, during, or after
that mission.

GEMINI RESULTS

Despite the increased internal volume of the
Gemini spacecraft, which permitted increased op-
portunity for movement, no disorientation or motion
sickness was reported (ref. 5). Normal central
nervous system function, including labyrinthine
function, was evidenced by the crewmembers’ ability
to rendezvous with the Agena vehicle, perform
extravehicular activity, and execute accurate re-
entry maneuvers. During the 8-day Gemini 5 mis-
sion and the 14-day Gemini 7 mission, ocular
counterrolling was measured and compared with
preflight and postflight responses. After flight each
pilot maintained his respective preflight level of
response, which indicated that no significant change
in otolithic sensitivity occurred as a result of the
flight (ref. 6). .

Another effect that occurred during the Gemini
program and has persisted through all missions
since that time is an experience of “fullness of
the head” as a result of redistribution of the total
circulating blood volume. This phenomenon was
unfortunately described by some astronauts as a
feeling of “hanging upside down on a parallel bar.”
As a result of this unhappy choice of words, the
notion that an inversion illusion had been exper-
ienced became rather widespread. This, however,
was not the case. Since the earliest observation of
this phenomenon, crewmen have looked for this
symptom in themselves and in others and have
described it as appearing as a roundness of the
face, in some cases with red coloration. These obser-
vations may yet be verified by photography.

APOLLO RESULTS

Apollo-mission astronauts, like their Soviet coun-

terparts who have reported “space sickness” during
nearly every mission (refs. 7 and 8), have exper-
ienced motion-sickness symptoms on a number of
occasions. The divergence of findings between these
later American and Soviet missions and earlier
American space missions is difficult to interpret. It
should be noted that, since vestibular disturbances
appeared early in the Soviet space program, highly
trained observers have recorded even very minimal
findings and these, in turn, have been interpreted
in this country as more significant than they might
actually have been. In support of the point that this
divergence may be more illusory than real, it should
be noted that electrooculograms recorded during
the flight of Vostok 3 and 4, sometimes simulta-
neously with the administration of special tests, re-
vealed no asymmetry of oculomotor reactions or
nystagmus (ref. 9). Moreover, vestibulometric
studies did not reveal any change in the threshold
of sensitivity of the otolith to galvanic current in
the Voskhod 1 cosmonauts, and postflight studies
did not reveal any substantial changes in the func-
tion of the vestibular apparatus. What then accounts
for the difference in responses of the Mercury and
Gemini astronauts, on the one hand, and the Apollo
astronauts on the other? Many factors, including
individual variables such as prior space-flight ex-
posure, individual susceptibility to motion sickness,
physical condition at the time of flight, and medi-
cation taken in flight, may play a part. However, a
more obvious difference between the two types of
mission should be noted before any attempt is made
to evaluate these variables. This is the difference
in the relative volumes of the spacecraft employed.
The larger the volume of a spacecraft, the greater
the opportunity for increased and probably more
rapid movement. Excessive head movements, par-
ticularly when such movements occur early in the
mission, appear from in-flight experience to be
directly related to the onset of motion-sickness
symptoms,

COMPARISON OF MERCURY, GEMINI,
AND APOLLO VEHICLE VOLUMES

The volumes of the three different command
modules used to date are compared in figure 1. The
Apollo Command Module, in addition to being
much larger than the other two vehicles, afforded
still further opportunity for movement when the
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SERVICE MODULE

LUNAR MODULE (LM)

GEMINI

MERCURY

Ficure 1,—Comparison of spacecraft and launch vehicle configurations.

Lunar Module was first mated to the Command
Module for the Apollo 9 mission. For the first time,
with the Apollo 9 mission, astronauts were able to
move about inside two spacecraft by traversing
the tunnel back and forth between the Lunar and
Command Modules. Because the Apollo spacecraft
was so much larger than the earlier craft, astro-
nauts could move freely, using no restraints; they
could stand and tumble and exercise. Further, with
lunar landings, transitions from 0 g to 1/6 g and
back again were possible. This, too, may not be
without influence on a gravity-sensitive system such
as the otolith apparatus.

EARLY OBSERV ATIONS AND ATTEMPTS
AT PREDICTION AND PREVENTION OF
MOTION SICKNESS

The first clear-cut case of motion sickness in
American space flight was experienced by the Apollo

8 astronauts. All three crewmembers experienced
symptoms, ranging from stomach awareness to
vomiting, lasting for up to 5 days in the case of
one crewman. Motion-sickness drugs were taken
with mixed results.

Because of these findings, attempts were made to
design a prevention program that was to begin
prior to flight, with the aim of increasing resistance
to in-flight motion sickness. This program included:

1. Instruction in the use of head movements de-
signed to hasten the process of vestibular adaptation
to 0 g.

2. Substitution of Dexedrine plus Hyoscine for
the treatment of motion sickness. This substitution
was based on findings at the Naval Aerospace Med-
ical Institute indicating that the combination of
the two drugs was more effective than Marezine for
the treatment of motion sickness.

3. The initiation of a more rigorous flying pro-
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file, including aerobatic maneuvers prior to par-
ticipation in weightless space flight.

The above measures were adopted in lieu of more
elaborate preflight evaluation because of mission
time constraints.

APOLLO SERIES VESTIBULAR
EVALUATION

In an effort to understand the significance of
in-flight motion sickness episodes, detailed histories
were compiled for each astronaut in the Apollo
mission series. The data points were gleaned from
a variety of sources and cross-checked in order to

insure that the information was accurate. These
histories indicated whether or not an individual
crewman had previously experienced motion sickness
in automobiles, boats, and aircraft or while flying
0-g parabolas or engaging in egress-type exercises
during training. Symptoms experienced both during
exposure to the provoking situation and after the
exposure were noted. Table 1 lists these findings
and indicates motion sickness symptoms and vestib-
ular-related illusions experienced during space
flight. In addition, the table indicates aircraft flight
experience for each crewmember prior to participa-
tion in the Apolle mission noted.

TaBLE 1.—Illusions and Motion-Sickness Symptoms Experienced by Apollo Astronauts

Illusions/motion-sickness
Motion-sickness history symptoms in space flight
Aircraft Flight | In land, air In spacecraft
Mission | Astronaut | Hours Prior and sea In 0-g egress or Tumbling| Stomach
to Mission vehicles parabola| egress training| illusions | awareness | Nausea | Vomiting
7 A 4517 X
B* 4107 X X X
C* 3574 X X X
8 D 5627 X X X X
E 4358 X X X X X
F* 3399 X X X
9 G 4323
H 4266 X X X
I* 2279 X X X X X X
10 J 5221 X
K 4747 X
L 2787 X X
11 M 6400 X X X
N 4425 X X X
0 .3676 X X
12 P 4057 X
Q* 3638
R 3914 X
13 S(E) 4282 X X X
T* 6249 X X X
u* 6135 X
14 A% 5063 X
W 3594 X
X* 4276
15 Y(H) 4780 X
VA 6715 X X X
AA* 3370

* Had no prior space flight experience.
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All three crewmembers in the Apollo 8 mission
experienced motion-sickness symptoms. Each of
these individuals had some history of motion sick-
ness and two had prior space-flight experience. The
crewmember designated E had participated in the
14-day Gemini mission. He experienced symptoms
of nausea on the first day of the Apollo 8 flight.
This crewmember first complained of stomach
awareness upon arising from his couch, and {elt
that motion sickness would be precipitated if he
continued to move about freely. These symptoms,
he reported, lasted for several hours and then
ceased. Astronaut F experienced similar, but not
identical, symptoms that also abated after several
hours. In the case of astronaut D, parallel symp-
toms were experienced but appeared to clear. The
astronaut used a Seconal tablet to aid sleep, but
awoke feeling ill again. He complained of head-
aches and was nauseated. He therefore remained
in his couch, attempting to perform chores from
the reclining position. After making a valiant effort
to control the symptoms, even managing to swallow
a small amount of vomitus several times, he finally
succumbed and vomited into a fecal bag. This ap-
parently relieved his discomfort, but it appeared
to precipitate symptoms once again in crewman F.
The crewmen expressed the feeling that the symp-
toms were related to Seconal administration, in
conjunction with which they had experienced symp-
toms of nausea on the ground. In fact, each man
had been afflicted with gastroenteritis when they
had been medicated, and it is likely that the illness
rather than the drug precipitated the difficulty.

Of the Apollo 9 crew, two were experienced
astronauts. Astronaut G alone had no reported his-
tory of motion sickness and he, unlike the others,
experienced no symptoms whatever during his
Apollo mission. Astronaut H had experienced Cor-
iolis effects during the Gemini 8 mission when that
spacecraft rotated at a very high rate of speed and
he was reaching up to switch circuit breakers to
correct the situation. Interestingly, when he became
aware of the fact that his symptoms were associated
with looking for the controls, he simply reached
for them but did not look for them, and the
Coriolis effects ceased. In the Apollo flight, he
experienced stomach awareness that lasted for 2
to 3 hours at the beginning of the flight. Coupled
with this, he expressed a lack of interest in food,

which lasted through the second day of the mis.
sion. While donning his spacesuit on that day, he
experienced a feeling of tumbling and spinning as
he bent down to put on the suit. During the per-
formance of extravehicular activity, however, he
experienced no symptoms.

Astronaut I, who had had no prior space-flight
exposure, had more symptoms of motion sickness
than any other crewmember on the Apollo 9 mission.
Because he was concerned about the possibility of
in-flight difficulties, he was given Marezine befor:
launch and then took it again after about 1.5 hours
in orbit. Despite the medication and attempts to
restrict movement as much as possible, he ex-
perienced stomach awareness and two episodes of
nausea, and he vomited. He also lost his appetite
for the first 6 to 7 days of the mission. Finally,
he adapted to the weightless environment and had
no further problems. This individual had been
tested before the flight and exhibited no labyrin-
thine abnormality, nor did he prove to be highly
susceptible to motion sickness during ground tesi-
ing or while performing nine 0-g parabolic aircraft
flights in a postflight evaluation program. In early
parabolic flights, he experienced some symptoms
but quickly adapted. Strangely, however, he dil
not show the same facility for adaptation in spacz
flight.

By the time of the Apollo 10 mission, five of nine
Apollo mission astronauts had experienced motion
sickness difficulties ranging in degree from mild
to severe. Of the Apollo 10 astronauts, the one with
markedly fewer aircraft flying hours was the only
mission crewmember who felt any symptoms of
motion sickness. For the first 2 days of the Apollo
10 flight, he suffered from stomach awareness and
a loss of appetite. He employed programed head
movements in an attempt to hasten adaptation, but
these, he reported, produced nausea to a poirt
near vomiting, at which time he terminated the
movements. When the head movements were at-
tempted once again on the second day of flight,
exacerbation of the symptoms occurred after 1
minute. After 2 days of flight, during which the
astronaut moved cautiously to minimize symptoms,
he adapted completely and experienced no further
difficulty. On the seventh day of the mission, he
experimented with the head movements once again
and was this time able to perform them for 5
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minutes, but again the movements precipitated
feelings of motion sickness.

Among the Apollo 11 crew, all crewmembers had
fairly extensive histories of motion-sickness diffi-
culties, but none had any difficulties whatsoever
during orbital flight or during lunar surface activ-
ities. Many predictions had been made regarding
the possibility of experiencing disorientation when
stepping out upon the lunar surface. However, no
such difficulty has been encountered by any of the
astronauts performing lunar surface activity.

Only one member of the Apollo 13 crew had a
history of motion sickness and, paradoxically, he
alone experienced no symptoms during weightless
flight. The other two crewmembers, who suffered
in one case stomach awareness lasting for one day
and in the other nausea and vomiting as well, had
had no prior space-flight exposure.

The Apollo 14 crew had a mixed history of pre-
space-flight motion-sickness episodes, and yet no
difficulty was noted during weightless flight. None
of these crewmembers took any medication at all.

In the Apollo 15 crew, two of the astronauts en-
countered no difficulty during the mission. One of
these was the only crewmember with no history of
motion sickness. He also had significantly less flight
time than the other two crewmembers.

CONCLUSIONS

Of 25 astronauts who participated in Apollo mis-
sions 7 through 15, nine have shown some sort of
in-flight symptomatology that could be related to
motion sickness. Of the nine, two had entirely neg-
ative histories for motion sickness, four had only
one positive history finding, and three had markedly
fewer flying hours than the other astronauts. Of
the 16 astronauts who exhibited no in-flight mo-
tion-sickness symptomatology in any flight, 12 had
positive histories.

No trends can be seen here. There appears to
be no definite relationship between either flying
time or prior experience, or any other variable,
and the experience of motion-sickness symptoms in
the weightless state. Despite individual variables,
however, various elements of the space-flight en-
vironment appear to precipitate motion-sickness
symptoms. The volume of the spacecraft seems to
be important. Increased volume, affording addi-
tional opportunity to move about freely, exacer-

bates the motion-sickness problem. This seems to
be evidenced by the fact that no astronauts in the
smaller Mercury or Gemini capsules experienced
any vestibular-related difficulty. It does not appear
likely that transitioning from 0-g to the 1/6-g en-
vironment of the lunar surface, or the return tran-
sition, has any significant effect. Head movements,
programmed to hasten otolithic adaptation to 0 g,
appear to produce motion-sickness difficulty in
flight. The head-movement technique, however, may
not have received an altogether fair test because
the regimen, which calls for the prior use of medi-
cation, has not always been followed explicitly.

Emotional facters cannot be disregarded in the
production of motion sickness symptoms. This is
clearly demonstrated by the experience of the Apollo
7 astronaut who exhibited symptomatology even
before he was airborne. Soviet investigators (ref.
7) believe that the emotional state of the individual
bears a definite relationship to motion sickness.

The magnitude of the motion-sickness problem
experienced by astronauts to date does not appear
to suggest clearly the need for design and incor-
poration of an artificial gravity system in near-
future space vehicles. By and large, adaptation to
zero gravity proceeds relatively smoothly. In no
case has an individual who has experienced motion-
sickness symptoms failed to adapt to the weightless
state eventually, and this adaptation usually pro-
ceeds rather quickly. In general, adaptation occurs
more smoothly when movements are made cautiously
during the adaptation period. Once adaptation is
complete, even violent movements such as tumbling
and spinning are possible without provocation of
unusual symptoms. Although there is no plain
requirement from a medical standpoint for the pro-
vision of artificial gravity, other considerations
may ultimately lead us in that direction.

REFERENCES

1. Berry, C. A.: Summary of Medical Experience in the
Apollo 7 through 11 Manned Space Flights. Aerospace
Med., vol. 41, 1970, pp. 500-519.

2. VarLyavski, Y.: Some Compensation Reactions During
Extended Weightlessness. Paper presented at the Third
International Symposium on the Basic Environmental
Problems of Man in Space, Geneva, Switzerland, 15-19
November 1968. NASA TT-F-12094, National Aero-
nautics and Space Administration, Washington, D.C.,
January 1969.



22 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

\
3. VoLy~KIN, Y. M.; Parin, V. V.; anp Yazoovskiy, V. L:

Preliminary Data on, Physiological Studies During
Human Flight in Space. In Problems of Space Biology,
Vol. II Joint Publications Research Service, Washing-
ton, D.C., 1962, pp. 5-8, NASA TT 63-21437; JPRS 18,
395, 1964.

4. Berry, C. A.: Medical Results of Apollo 14: Implications
for Longer Duration Space Flights. Paper presented at
the XXIInd International Astronautical Congress, Brus-
sels, Belgium, 25 September 1971.

5. Berry, C. A.; AND CATTERSON, A. D.: Pre-Gemini Medical
Predictions versus Gemini Flight Results. Gemini Sum-
mary Conference, NASA SP-138, 1967, pp. 197-218.

6. MiLLER, E.: Experiment M9, Human Otolith Function.
Gemini Midprogram Conference, NASA SP-121, 1966,
pp. 431-436.

7. VoLy~KIN, Y. M.; anp VasiL'yev, P. V.: Some Results

of Medical Studies Conducted During the Flight of :he
“Voskhod”. In Problems of Space Biology, VI, NA3A
TT-F-528, National Aeronautics and Space Adminis-
tration, Washington, D.C., July 1969, pp. 52—66.

8. Yucanov, Y. M.: Physiological Reactions in Weightless-
ness. In Aviation and Space Medicine, 1963, NASA
TT-F-228, National Aeronautics and Space Adminis-
tration, Washington, D.C., December 1964, pp. 431-434.

9. AkuLinicuey, I. T.; Bavevskry, R. M.; Beray, V. Ye.;
Vasit'yev, P. V.; Gazenko, 0. G.; Kakurin, L. L;
Kotovskava, A. R.; Maksmvov, D. G.; MIKHAYLDV-
sK1Y, B. P.; axp Yazoovskiy, V. I.: Results of Phys-
iological Investigations on the Space Ships Vostok 3
and Vostok 4. In V. V. Parin (Ed.), Aviation &nd
Space Medicine, NASA TT-F-228, National Aeronau-
tics and Space Administration, Washington, D.C.,
December 1964, pp. 3-5.



‘ \{095//

\ﬂ

An Overview of Artificial Gravity

Ravpu W, StoNE, JR.
Langley Research Center, NASA

SUMMARY

The unique characteristics of artificial gravity that can affect human performance and physiology
in an artificial-gravity environment are reviewed. The rate at which these unique characteristics
change decreases very rapidly with increasing radius of a rotating vehicle used to produce artificial
gravity. Reducing their irifluence on human performance or physiology by increasing radius becomes
a situation of very rapidly diminishing returns. The cost of a rotating vehicle, from the standpoint
of weight, angular momentum, rotation energy, fuel use, ete., will increase with increasing radius;
therefore, we are faced with a major tradeofl between increasing cost and decreasing effect. A search
for the minimum radius of rotation acceptable to man and amenable to effective performance is
therefore necessary.

A review of several elements of human performance has developed criteria relative to the sundry
characteristics of artificial gravity. A compilation of these criteria indicates that the maximum ac-
ceptable rate of rotation, leg heaviness while walking, and material handling are the factors that
may define the minimum acceptable radius. The ratio of Coriolis force to artificial weight may also
be significant. Based on our current limited knowledge and assumptions for the various criteria, a
minimum radius between 15.2 and 16.8 m seems desirable. Validation of the form and numerical
value of the criteria by ground-based simulation studies and ultimately by space flight is required.
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INTRODUCTION

United States and Soviet astronauts have experi-
enced weightlessness for periods of several days
and apparently have not been seriously affected by
the exposure. There is still concern, however, that
for much longer periods than 18 days the astronauts
may not be able to sustain adequate performance
in the weightless state and may become so weary
of the unique environment that the condition be-
comes unbearable to them. Further, although only
slight physiological change has been noted following
their exposure to the weightless state and the astro-
nauts have recovered to a normal state in a few
days, what physiological changes may occur after
much longer periods is unknown, and these may
be much more subtle than those noted so far. For
these reasons, then, creation of artificial gravity
is being considered for space flights of long duration.
Maintenance of performance and habitability have
been expressed as major factors of concern, with

physiological effects being of only secondary con-
cern. There are, however, no real data to support
such concerns, or at least the priorities given to
them.

An artificial-gravity environment and that of other
alternatives to weightlessness have unique char-
acteristics which, in themselves, have or may have
a debilitating effect on man and his performance.
This paper reviews current knowledge about arti-
ficial gravity and examines the unique character-
istics of such an environment as to how they may
affect performance and habitability and determine
the design of rotating space vehicles.

SYMBOLS

acceleration, m/s2

angular acceleration, rad/s?
radius, m

rate of rotation, rad/s

ge YR =&

artificial weight, kg

23
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AW change in artificial weight due to
radius change or relative velocity,
kg

g acceleration of Earth’s gravity

h distance or height along body, m

x instantaneous radial distance, m

y instantaneous tangential distance, m

6, ¢, ¢ Euler angles, rad

Py hydrostatic pressure, kg/m?

d tangential distance, m

P density, kg/m?

Subscripts:

cg center of gravity

v vehicle

1 and 2 radial positions

i incremental

hy, hy, he head or object relative to inertial

space

ho, ho, hy head or object relative to vehicle
axis

F floor

cc cross coupling

A dot over a symbol indicates its first derivative
with respect to time; double dot indicates the
second derivative with respect to time.

THE UNIQUE CHARACTERISTICS OF
ARTIFICIAL GRAVITY

Our concern about a new and strange environ-
ment is with those aspects of it that are different
from the normal environment. These differences or
unique characteristics are the features of the en-
vironment that can alter human performance. In
artificial gravity such characteristics fall into two
categories, static and dynamic, where the distinc-
tion lies with the state of the person or the object
relative to the artificial-gravity environment. The
static characteristics are the artificial-gravity level,
the gradient of the artificial gravity in the radial
direction, and the unique variation of the hydro-
static pressures in -fluid systems caused by the
gravity gradient. The dynamic characteristics are
the Coriolis accelerations acting when a person
moves linearly relative to the rotating environment
and the cross-coupled angular accelerations acting
when he rotates relative to the rotating environment.

Mathematical expressions for these characteristics
and associated derivatives of them are listed in

TaBLE 1.—Mathematical Expressions of the
Characteristics of Artificial Gravity

Static characteristics

g level, a,g=rqu,?

g gradient, da.,/dr=w,2+ac,/rcq

g ratios, aj/ag==r1/79
Object weight change, AW /W =(r1—r2) /12
Gravity variations along body, hw,2=(h/r)ac,
Hydrostatic pressure variation, Pyy=p/2(r22—r12) w2

Dynamic characteristics

Coriolis acceleration (radial), ;:'r'—_r.(w12:|:2w1wn+w02)
Coriolis acceleration (tangential), ¥y=2r (w14 ws) +re,
Angular cross-coupling,

hz = Ohg—wy, (whg Sin 6+ why, cos 6 sin ¥)

dony = hg—wy (Why €OS B c0S Y —whe sin 6)

Ohy = hy v (whg cos 6 cos Y + whg cos 8 sin )
Distance objects fall from expected position,

d=rp (Vig2—r2/r—tan—tVr2—r2/r;)

table 1. Listed there also are expressions for changes
in weight of objects when repositioned in the radizl
direction and variation in gravity level along the
body of a standing man, which has the peculiar
feature of lowering his center of gravity. Also givea
is the distance that objects will fall beyond where
one would normally expect them to fall.

The variation in rate of rotation of the spacecrait
versus vehicle radius for several g-levels is shown
in figure 1. One very significant factor shown in
this figure is the flattening of rate curves with ir-
creasing radius. For example, assume a 0.4-g level
is planned. Adding 6 m to a 6-m vehicle radius will
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Ficure 1.—Rate of vehicle rotation versus radius of rotatioa
for various artificial-gravity levels.
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reduce the required speed by over 2 rpm. However,
adding 6 m to a 30-m spacecraft radius will reduce
the required speed by only 0.3 rpm. Increasing
radius brings about increasing weight, inertia, mo-
mentum, and energy, along with increasing difficul-
ties in control, stabilization, fuel requirements,
launch weight, etc. Thus a very critical tradeoff
exists between these factors and the degree of
acceptability of the environment to man.

Figure 2 shows the variation of the gravity gra-
dient versus vehicle radius for several g-levels.
Again we see the very rapid change in gradient
with short radii, but flattening very rapidly as
radius increases. At the 0.4-g level, adding 6 m to a
6-m vehicle radius reduces the gravity gradient by
0.3 g/m, whereas adding 6 m to a 30-m vehicle
radius reduces the gravity gradient by less than
0.002 g/m.

Figure 3 depicts the ratio of the weight of an
object on a 2-m-high shelf to that of the object on
the floor. It also may be considered to represent
the ratio of the artificial gravity at the head of a
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Ficure 2.—Gravity gradient versus vehicle radius for various
artificial-gravity levels.
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Ficure 3.—Artificial weight change versus vehicle radius
for a 2-m difference in radial position of objects.

standing man 2 m tall to that at his feet. There is
again a rapid reduction in weight ratio with increas-
ing radius. A 15-percent reduction in weight change
results from adding 6 m to a 6-m vehicle radius,
but there is only a l-percent reduction if 6 m is
added to a 30-m vehicle radius. Again, the advantage
of increasing radius diminishes rapidly as the
radius increases.

Ratios of hydrostatic pressure along the body
length of a man standing in artificial gravity.to the
hydrostatic pressure of a man standing on Earth
are presented in figure 4. The significant aspect is
probably the effect of gravity level, since the hydro-
static pressure, and therefore the influence of this
direct stressor on the cardiovascular system, for
example, are directly proportional to the g-level.
Clearly there is little gain with increasing radius.

Objects when moved within the rotating environ-
ment react relative to that environment in a manner
determined by Coriolis forces. Here an object,
which by natural law will move linearly relative to
inertial space, must be forced to move linearly rela-
tive to the rotating environment. Figure 5 illustrates
the radial forces required for moving objects in a
tangential direction. The forces are shown as ratios
to the artificial weight nominally existing and are
for motions of 1 m/s in the direction of rotation. As
with the other changes just mentioned, there is a
rapid reduction in the change of this ratio with
increasing radius. At 0.4 g, for example, adding
6 m to a 6-m vehicle radius reduces this ratio by
about one-third, whereas adding 6 m to a 30-m
vehicle radius reduces the ratio by less than one-
tenth.
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Ficure 4.—Ratios of hydrostatic pressure along the body in
artificial gravity to that in Earth gravity for various arti-
ficial-gravity levels.
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Ficure 5.—Ratio of radial Coriolis acceleration to artificial
gravity versus radius of vehicle rotation. Curves shown are
for radial Coriolis acceleration caused by tangential mo-
tions at 1 m/s in the rotating vehicle.

Figure 6 illustrates the tangential forces required
for moving objects in a radial direction. Again the
forces are shown as ratios to the artificial weight
nominally existing, but they are for motions of
0.6 m/s in the radial direction. Here again there
is a rapid reduction of the change in this ratio with
increasing radius. At 0.4 g, adding 6 m to a 6-m
vehicle radius reduces the ratio by more than one-
fourth, whereas increasing a 30-m vehicle radius
to 36 m reduces the ratio by less than one-tenth.

The other significant aspect of a rotating environ-
ment is related to what occurs when objects are
rotated relative to the environment. This is ex-
pressed in table 1 as angular cross-coupling and is
a function of the orientation of the object, the axis
about which it is rotated, and the rate at which it
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Ficure 6.—Ratio of tangential Coriolis acceleration’to arti-
ficial gravity versus radius of vehicle rotation. Curves
shown are for tangential Coriolis accelerations caused by
radial motions at 0.6 m/s in the rotating vehicle.

is rotated. The angular accelerations expressed in
table 1 must be applied to the rotated object in
addition to the desired basic rotational acceleration
so that the object will rotate as expected within
the rotating environment. These moments are to
the first order independent of the radius of rotation,
but are directly proportional to the rate of rotation.
Rotating the object about an axis not through its
center of gravity will bring about the influence of
the Coriolis forces. The gravity gradient, which
shifts the center of gravity radially outward, will
impose additional but secondary effects when objecis
are rotated. This effect, of course, would be radius
dependent. The mass distribution (moments of
inertia) of the objects rotated and the angular ac-
celerations expressed in table 1 can be used to
determine the specific torques required to rotate any
specific object.

One of the peculiar characteristics of artificial
gravity is that objects thrown or dropped will always
fall in a direction counter to the direction of rota-
tion from where normally expected. Figure 7 depics
where objects will strike the floor when dropped
from 1 m above the floor. It is not clear how dis-
turbing this factor might be; very possibly man will
adapt to it readily. At any rate, we see again the
very marked reduction in this effect with increasing
radius. Adding 6 m to a 6-m radius reduces this
distance by more than 12 cm, whereas adding 6 m
to a 30-m radius reduces this distance by only about
1.5 cm. Relative to dropped, thrown, or rolled
objects, interesting phenomena are seen in Earth-
based rotating simulators because of the presence
of Earth’s gravity and the orientation of the floor
relative to the axis of rotation. As an example, the
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Ficure 7.—Distance from expected position an object fails
when dropped from 1 m above the floor, plotted against
radius of vehicle rotation.
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lateral movement of a ball, when it is rolled in the
tangential direction in a room tilted so that the
resultant of the gravity and centrifugal force vectors
are normal to the floor, is caused by the presence of
Earth’s gravity and will not occur in pure artificial
gravity.

HUMAN PERFORMANCE IN ARTIFICIAL
GRAVITY

We have examined briefly the unique features of
artificial gravity and how they will change with
varying radii of vericle rotation. Since our goal is to
establish an environment that will be acceptable and
provide a pleasant habitation, and one that will
promote maximum required performance, we must
now consider the influence of the sundry unique
characteristics on specific elements of performance.
Because the peculiar elements of the new environ-
ment will alter performance, we cannot expect that
man will function in the new environment as well
as in his normal earthly environment. With a period
of adaptation, performance may improve, but man
in artificial gravity may never perform as effectively
as in EKarth’s gravity. We are concerned then with
two elements: (1) the radius and rate of rotation
that will lead to effective performance and accept-
able habitable conditions, and (2) the cost of
attaining this desired condition. Cost here is in-
tended to encompass not only dollars but also
weight, moments of inertia, angular momentum,
rotational energy, fuel use, and stability. These fac-
tors will naturally increase with vehicle size and
rate of rotation. A tradeoff thus exists between costs
and gains in performance and habitability with
increasing size. We have already pointed out that
changes in the peculiar characteristics of artificial
gravity diminish rapidly with increasing radius, im-
plying that incremental reductions in a given charac-
teristic of artificial gravity require greater and
greater increments of radius. If gains in human
performance are associated directly with changes in
the unique features of- artificial gravity, incremental
gains in performance will also require greater and
greater increments of radius. It is therefore desir-
able to determine the smallest radius and rate of
rotation at which acceptable performance and
habitability may be attained.

There is no past experience that can serve as a
basis for establishing these conditions. Through

knowledge of the unique characteristics of artificial
gravity, we must estimate what influence these char-
acteristics may have on specific performance fac-
tors. The remainder of this paper sets down criteria
based on such estimates. It is of course necessary
to verify these criteria and to establish appropriate
magnitudes for them by ground-based simulation.

Various aspects of human performance may be
influenced by artificial gravity (table 2). Gross
motor performance includes self-locomotion, mate-
rial handling, and force and torque applications.
Fine motor performance involves dexterity and eye-
hand coordination with head motions. Dynamic
elements of performance are expected to be in-
fluenced by the gravity level and Coriolis forces
and possibly by the gravity gradients that cause
changes in effective weight with radial position.
Postural balance may be influenced by reduced
gravity and by the Coriolis forces due to body
motions necessary in the act of balancing or mov-
ing. Transition from artificial gravity to zero gravity
and return, as may be required in space-base opera-
tions, can possibly degrade performance because of
prior adaptation to one or the othen condition.
Passive radial locomotion, as with an elevator on a
space base, may be influenced by the Coriolis forces,
depending on the rate of elevator movement. In
addition, the potential rapid increase in gravity
when radius is increased could have an acute
influence on orthostatic tolerance.

TaBLE 2.—Potential Criteria for Artificial Gravity

Gravity level
9.82 rwy2+ 2rwj @, -rw,2>0.98

Coriolis forces
Tangential movement,
T(A4+C)re>re2+2r0 w4 rw,2> (1—Cq) rw, 2
2r
Radial movement, —->C,
rwv
Dropped objects,

r(v r2—r12/—r1—tan—’1 Vr2—r2/r) <Csg
Gravity gradient

Change in object weight, (r—r() /r<C,
Along body, (r—ryp) /r<Cy
Hydrostatic pressure, (Theart+rn) / (r4-11) 2 Cg
Cross-coupled angular accelerations
w, < Cr7/wy
Wy S CS/wh
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Self-locomotion

Self-locomotion within the rotating vehicle will
certainly be a very significant element of perfor-
mance. Habitability, with regard to orientation and
arrangement of facilities within the vehicle, will
depend directly on this capability. Figure 8 is a
graphic representation of the influence of the
characteristics of artificial gravity on a man moving
within a rotating spacecraft. With radial movement
toward and-away from the center of:rotation,-the
tangential components of Coriolis forces operate.
During tangential movement with and against the
direction of rotation, alterations in the radial forces
(weight) occur. Axial motion causes no Coriolis
effects except for those created by lateral movement
of limbs or lateral body sway. The influence of the
characteristics of artificial gravity on human
mobility is probably least during axial motion.

Figure 9 shows four boundaries expected to
influence walking on the floors of rotating vehicles.
The 1-g limit is one below which the forces on the
body, when walking at 1 m/s in any direction, will
never exceed 1 g. Other walking speeds will of

4 ~DIRECTION OF ROTATION

ROTATIONAL
AXIS

ROTATIONAL
AXIS
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course cause shifting of this boundary. The speed
of 1 m/s, however, is considered to be a reasonable
maximum for moving about within a vehicle.
Early simulations (refs. 1 and 2) have indicated
that leg heaviness caused by this factor was readily
recognized and could become objectionable. The
level of artificial leg weight at which it becom:s
objectionable is not established and may vary with
Below the leg weigat

artificial gravity level.

.boundary the forces on the feet, during walking at.

1 m/s, will not exceed 1 g.

Shown along the 6-m radius line of figure 9 ave
points at which preliminary studies of simulated
walking (refs. 1 and 2) have been made at the
Langley Research Center. The upper point is for
walking at 0.5 g; it was at this point that leg
heaviness was noted and considered undesirable.
The boundary proposed here may not be adequale.
Above the 0.1-g traction limit, traction is expected
to be adequate. During the simulation studies (refs.
1 and 2) traction became difficult during walking
against the rotation at 1/6 g (the lowest point on
the 6-m radius line of figure 9), which tends to
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Ficure 8.—Influences of artificiul gravity on locomotion,
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Ficure 9.—Rotation rate and radius boundaries for accept-
able tangential locomotion at a rate of 1 m/s.

verify this boundary. The fourth boundary, AW /W,
often referred to as the ratio of Coriolis force to
artificial weight, is one above which the change in
weight due to the relative motion during walking
at 1 m/s will not exceed half the artificial weight.
Of the four conditions shown on figure 9, that for
0.3 g seemed to be the most amenable condition
studied (ref. 1). This does not mean that 0.3 g is
the desired design level for artificial gravity. It
implies only that, at a 6-m radius, with all the
factors involved, it was subjectively the best of four
gravity levels tested for a very limited number of
subjects. The ratio of Coriolis force to artificial
weight of 0.5 tends to be confirmed by these data;
however, this ratio has often been considered to have
a maximum desirable value of 0.25 or less. It should
be noted that figure 9 and the data of reference 1
were obtained for curved floors, of constant radius.
Flat floors can impose additional complexity, since
the local artificial gravity vector is not perpendic-
ular to the floor except at its center. This situation
would involve leaning relative to the floor as on a
sloping walkway.

Figure 10 shows boundaries for radial motion
of the astronaut, as when climbing toward or away
from the center of rotation. Two boundaries are
shown, one for which the Coriolis force due to
radial motion at 0.6 m/s does not exceed 0.3 times
the artificial weight, and the other where it does
not exceed 0.3 times the Earth weight. There are no
data to support either criterion or the magnitude of
0.3. Coriolis forces act in a tangential direction
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Ficure 10.—Rotation rate and radius boundaries for ac-
ceptable radial locomotion at 0.6 m/s.

during these radial motions. A man on a ladder,
depending on the orientation of the ladder, will be
pushed into or out from the ladder or sideways on
the ladder. Such forces require arm reactions rather
than leg reactions. Thus the actual force, rather
than its ratio to the artificial weight, may be more
significant. The boundary shown on figure 10 for
0.3 times Earth weight may be too large, particu-
larly since muscle tone and strength may be
degraded by continued exposure to reduced gravity.

Material Handling

Moving materials in the artificial gravity environ-
ment will be different from moving things on Earth.
Objects will change weight with radial position;
they will experience Coriolis accelerations when
moved about and cross-coupled angular accelera-
tions when rotated. Boundaries for material han-
dling based on these factors are shown in figure 11.
One boundary is for tangential movement above

- which the change in weight due to.motion at 1.2 m/s

will not exceed 0.25 times the artificial weight. A
second is for radial motion where the tangential
Coriolis forces do not exceed 0.25 times the artificial
weight. Beyond the third boundary the weight of
an object when raised 2 m does not decrease below
0.5 times its original artificial weight. A fourth
possible boundary (not shown) would relate to the
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Ficure 11.—Rotation rate and radius boundaries for ac-
ceptable material handling at a material movement rate
of 1.2 m/s.

rotation of an object out of the plane of rotation.
It has been assumed that a torque caused by angular
cross-coupling probably can be 1/2 of the applied
torque. Rate of vehicle rotation for this value could
be rather high, greater than 10 rpm.

Transition from Artificial Gravity to Weightlessness

Adaptation to the rotating environment has
received considerable attention in recent years (e.g.,
refs. 3 to 6). The primary problem regarding
adaptation is the angular motion of the head within
the rotating environment, wherein the cross-coupled
angular accelerations (see table 1) cause vestibular
stimulations that are essentially in conflict with the
visual cues from a stationary environment. The
endpoint of such disturbing conflicts is often nausea.
The maximum cross-coupled angular acceleration is
the product of the angular velocity of the vehicle
and the angular velocity of the head (ref. 7).
There have been a number of studies in which
angular velocities up to about 10 rpm have been
experienced. In some cases a considerable period of
adaptation was used to reach this level. Experience
on stopping rotation has ranged from little effect
to seriously disquieting effects such that perfor-
mance was degraded. In large space vehicles of the
future, such as the currently planned space base,
it is possible that there will be an area of weightless-
ness and an area of artificial gravity in the vehicle,
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Ficure 12.—Possible criteria for acceptability of cross-
coupled angular accelerations, a., in vehicles with arti-
ficial gravity.

the former for experimental studies and the latier
for living. Therefore it will be necessary to pess
back and forth frequently between the two areas.
The influence of such transitions upon performance
is of major concern.

Figure 12 relates angular head motions and
vehicle rate of rotation. The stimulus that causes
disturbances in a rotating environment is the cross-
coupling that exists between these two angular
velocities, and the product of the two values gives
the maximum stimulus from the cross-coupled angu-
lar acceleration. Shown in figure 12 are curves of
constant values of this cross-coupling, ranging from
0.5 to 4 rad/s®. Based on current experience, a
value of 2 rad/s® (=115°/s%) for the cross-
coupling seems to be a conservative criterion of
tolerance. A range of rapid head motions possitle
for a man is from 2.5 to 3.5 rad/s (=140 to
200°/s). Vehicle rotation rate boundaries of 4 rpm
(a conservative value), 6 rpm (a nominally accept-
able valué), and 10 rpm (a tolerable value) are
shown. Adaptation to such rotational rates will be
required. Therefore adaptation, retention of adapta-
tion, and simultaneous adaptation to both rotating
and nonrotating environments are problems of
critical concern. Adaptation to any given environ-
ment is possible, but the influence of rapid transi-
tion back and forth between different environments
remains relatively unexplored.
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Postural Balance in Artificial Gravity

In reduced gravity and with the peculiar forces
encountered in a rotating environment, postural
balance may be more difficult than in Earth gravity.
Figure 13 indicates boundaries for postural balance.
The first is a static or neutral stability boundary
beyond which the vestibular mechanism would
sense falling before an unbalance angle for a
stationary man would be exceeded. Experience at
1/6 g on the Moon by four American astronauts
certainly indicates that this boundary is not signifi-
cant for a normal man. Two dynamic boundaries
are shown, one for the vertical motions and the
other for the lateral motions of walking. In both
instances, these could be more critical when walking
axially, since the unusual Coriolis accelerations
would act in the lateral plane, in which a man is
least stable. When a man is walking tangentially,
the accelerations act in the sagittal plane. It is
assumed that these Coriolis accelerations should not
exceed 0.25 times the artificial weight.

Other Motor Performance

No criteria have yet been established for gross
motor performance other than those previously dis-
cussed, i.e., walking, climbing, and material hand-
ling. The use of tools, opening and closing of doors
_and hatches, etc. will certainly be influenced by
Coriolis forces. It is not clear what magnitudes of
these forces may influence these actions. Experi-
ments are required through simulation to determine
these magnitudes as well as the influence of
orientation within the vehicle. Studies of this nature
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Ficure 13.—Boundaries of rotation rate versus radius for
acceptable postural balance in artificial gravity.

may have considerable influence on the interior
design, e.g., wall, door, and hatch arrangements.

Fine motor performance probably will not be
influenced appreciably by the Coriolis forces, since
the motions involved will generally be small. How-
ever, if head motions are involved, the tolerance
and adaptation to cross-coupled acceleration may
be of significant influence. The previous discussion
of cross-coupling and the data of figure 12 there-
fore may have a bearing on potential problems of
fine motor performance. Simulation studies should
bring some insight into this problem.

Passive Radial Locomotion

Elevators may be used to move people and
materials from the hub of a large rotating base to
the living areas. There will undoubtedly be con-
siderable experience with vehicles of smaller size
before the need for elevators or, for that matter,
for artificial gravity is established. However, if
elevators are used, relatively rapid changes in
g-level and large Coriolis forces will be experienced.
Proper orientation in the elevator and possibly
restraints may be required. Objects carried become
progressively heavier or lighter as the elevator
moves, and tangential components of Coriolis
accelerations may result in interesting phenomena.
The criteria for material handling, previously dis-
cussed and shown on figure 11, may apply here as
well but, of course, must be adjusted to the velocity
of the elevator, which could be much larger than
the 1.2 m/s assumed for figure 11.

It has been stated that rapid elevator movement
will cause a rapid increase in g-forces on the body
which, like other passive situations such as tilting
in the gravity environment or lower body negative
pressure, may cause orthostatic intolerance. Several
minutes in the passive state are normally required,
however, before orthostatic intolerance is mani-
fested, and this is very likely much longer than
would be involved in a space vehicle elevator ride.

The consequences of transferring from the weight-
less state to artificial gravity, regardless of the
procedure, would be rather complex. The artificial-
gravity level, the degree of habitation to the weight-
less state, and the general condition of the individual
would be involved. Since susceptibility is aggra-
vated by exposure to weightlessness (unless possibly
some special therapeutic measures are taken) and
since the degree and character of change with
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exposure are not thoroughly understood, further
consideration of this problem seems warranted.

POTENTIAL CRITERIA FOR ARTIFICIAL
GRAVITY

We have discussed the various elements of per-
formance and boundaries of the two independent
variables, radius and rate of rotation, of artificial
gravity. These boundaries may therefore be charac-
terized by criteria expressing the dependent vari-
able, or particular characteristic of the rotating
environment, in terms of the independent variables.
In some instances only one or the other independent
variable may be involved. Table 2 lists these criteria.

The criterion for gravity level is associated
basically with human tangential mobility and as-
sumes that the g-level should not exceed 9.8 m/s?
(1 g) or be less than 0.98 m/s? (0.1 g). The 1-g
level may apply to the whole body motion or the leg
motion, where the product of r; and w: represents the
velocity of the object relative to the rotating environ-
ment. The leg motion may be the more critical ele-
ment. The lower criterion (0.1 g), assumed to be a
minimum level for adequate traction, requires sub-
stantiation. If the maintenance of some specific
degree of physiological tone is a requirement, this
lower limit will probably be raised.

The criteria for Coriolis forces involve basically
the movement of materials as well as the movement
of man. The value of Cy for the tangential move-
ment of man has been assumed as 0.5 and for the
movement of materials as 0.25. The value of C:
for the radial movement of man has been assumed
to be 0.3 and for materials 0.25. These criteria are
expressed as ratios of the force involved to the
local artificial-gravity level. In the discussion of
the radial movement of man, it was noted that this
ratio possibly should be related to man’s Earth
weight rather than his artificial weight. The value
of Cs, the distance dropped objects fall from their
expected position, has been assumed to be 0.3 m
when they are dropped from 1 m.

The criteria for gravity gradients relate to the
changes in weight of objects with radial position
and the changes along the body of a standing man.
The assumed value for Cs here is 0.5 for objects
raised 2 m. The C; and Cs criteria also relate to
man. No values for these two criteria are presented
here because current evidence indicates that the
gradient probably does not intrinsically influence

performance. There may be some effect that may
alter the basic influence of reduced gravity on
human physiology. The variations in gradient and
hydrostatic pressures presented in figures 2 and 4
indicate that their influence will more likely e
felt, if at all, at relatively small radii. The dominant
influence on human physiology will undoubtedly
be from the reduced gravity, with minimal effects
from the gradient.

Criteria for cross-coupled angular acceleration
relate to the rotation of objects and of man within
the rotating environment. The value of C7 for the
rotation of objects is not presented in this paper.
As previously noted, rotation of objects in a vehicle
rotating at a rate as high as 10 rpm may not be a
problem. The mass distribution of objects may
critically influence this opinion; e.g., long, slender
objects may be difficult to handle when rotated in
certain directions relative to the axis of vehicle
rotation. A value of 2 rad/s? has been selected for
Cs. This rate, when associated with maximum
average head rates of rotation (wr) of 3 rad/s,
gives a vehicle rate of rotation (wy) of 0.67 rad/s
(see fig. 12), or about 6 rpm, a value at which
adaptation has already been demonstrated in
ground-based experiments. Concern over this valie
remains, however, since the problem of tolerance
is not totally resolved. A conservative value of 4
rpm or less is under consideration.

These criteria were considered in essentially the
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Ficure 14.—Compilation of boundaries for acceptable humain
performance in artificial gravity.
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same form in reference 1, but were considered in
that report for fewer performance elements than
are considered herein. Some differences in values
are also proposed in this paper. Figure 14 is a
compilation of all the previous boundaries shown,
superposed on plots of artificial gravity. The area
encompassed by all boundaries shows a minimum
radius between 15.2 and 16.8 m. The boundaries
for material handling are the critical elements.
These boundaries are not well established and must
be validated numerically and analytically by ex-
periments. If these are not valid, a much smaller
radius may be possible. It must be noted that all
other boundaries require similar verification. The
ratio of Coriolis force to artificial gravity (AW/W)
has often been considered to have a maximum
desirable value of 0.25. Such a value would impose
a radius on the order of 15.2 m, as was noted in
reference 1.
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Vestibular Mechanisms Underlying Certain
Problems in a Rotating Spacecraft*
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SUMMARY

Vestibular side effects are discussed with the aid of a conceptual framework based on an analysis
of vestibular input-output relations, These side effects tend to fall intc two main categories: (1)
reflex phenomena and (2) motion sickness, a delayed epiphenomenon. Although the symptomatology
of motion sickness is similar wherever experienced, both the eliciting stimuli and the opportunity to
adapt may differ in different motion environments. These differences not only are exemplified when
motion sickness is compared in a weightless and in a rotating environment, but they also point to
important differences in the problem of preventing (or treating) motion sickness in these two very

different environments.

INTRODUCTION

Prolonged space missions involving the genera-
tion of artificial gravity by rotation of a part of the
spacecraft pose problems, some of which are mainly
of vestibular origin, when astronauts are exposed
to weightlessness, rotation, and transitions between
these two very different environments. The main
problem is motion sickness, which has been experi-
enced in orbital flight (refs. 1 and 2), in the weight-
less phase of parabolic flight (refs. 3, 4, and 5), and
in rotating environments (refs. 6 and 7). The fact
that persons with bilateral labyrinthine defects do
not experience motion sickness in parabolic flight
(ref. 5) strongly suggests the essentiality of the ves-
tibular system in the elicitation of symptoms not
only in the weightless phase of parabolic flight but
also in orbital flight. Stated differently, in orbital
flight we are dealing with a vestibular side effect—
motion sickness—and not with symptoms charac-
teristic of motion sickness but of nonvestibular
origin.

Vestibular side effects other than motion sickness
will be encountered on space missions involving the
generation of artificial gravity. Nystagmus, illu-

* This study was supported by NASA Order No. W13433.

sions, and postural disturbances (partly of vestibu-
lar origin) need to be taken into account but, in all
likelihood, pose only minor problems.

In the discussion that follows, mechanisms un-
derlying vestibular side effects—especially motion
sickness—are inferred from an analysis of input-
output relations.

CONCEPTUAL FRAMEWORK

The schema shown in figure 1 represents an
attempt to fit important elements concerned with
vestibular input-output relations into a conceptual
framework (ref. 8).

In block I are shown the types and combinations
of natural and artificial accelerative stimuli which
reach the semicircular canals and otolith organs.
The very important contribution to artificial stimu-
lus patterns made by man’s motions, especially those
involving rotation of the head, deserves emphasis.
The notes in figure 1 show: (1) categories of activa-
tion of the vestibular system, some of which are not
accelerative. in nature (e.g., disease process), and
(2) some typical activity patterns.

Block II indicates the transducer functions of the
end organs. Although a feature common to both end
organs is the conversion of the accelerative stimuli
to electrical energy, thus altering the temporal and

35
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Ficure 1.—A conceptual framework showing important elements and their interactions underlying
reflex phenomena and motion sickness—a delayed phenomenon.

spatial patterns constituting the propagated dis-
charge, there are well-known differences between the
two end organs, which must be taken into account.
The cupula-endolymph mechanism in the six semi-
circular canals responds to impulse angular and
cross-coupled angular accelerations and, for practi-
cal purposes, is gravity independent. Under nearly
all natural conditions, the canals are stimulated only
by the motions of man which involve rotations of

the head. Under artificial conditions, of course, the
canals respond to the same types of accelerations
generated by a machine. In the absence of head mo-
tions (active or passive) there is no accelerative
canalicular stimulus; but a resting discharge, pre-
sumably of chemical origin, is present. Its precise
role, however, has not been determined.

The cilia-otolith mechanism in the four otolitk.
organs is activated by gravity and by impulse linear
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and Coriolis accelerations so directed as to cause a
shearing displacement of the otolithic membrane
supporting the hair cells. The result is mechani-
cal deformation of the kinocilia, which in turn
results in chemical changes affecting the generation
of Dbioelectricity (nerve-action potentials). The
stimulus due to gravity deserves additional com-
ment. There is general agreement that if the head
is rotated in the gravitational field in such a manner
as to cause relative motion between otolithic and
cupular membranes, this constitutes an effective
stimulus in addition to whatever suprathreshold
linear accelerations are generated. When the head
is fixed in the gravitational field, there is no ques-
tion but that the otolith organs are stimulated, as
indicated not only by the persistence of ocular coun-
terrolling (ref. 9) and the oculogravic illusion (ref.
10), but also by the fact that these responses vary
with hypogravity and supragravity g-loadings (refs.
11 and 12). Whether the effective stimulus is due
to a constant weight (or pressure) or due to slight
unavoidable changes in position of the macular
plates with respect to gravity (even though the head
is presumably fixed) is not clear. In either event,
the stimulus gives rise to a tonic sensory input over
and above the resting discharge.

In block III are shown the vestibular servation
system and its two components (canalicular and
otolithic) which have reciprocal modulating influ-
ences. An attempt has been made to indicate typical
normal and abnormal canalicular and otolithic ac-
tivity patterns. Also shown are major acting or in-
teracting influences, including vestibular efferent
fibers ensuring a return flow of impulses to the end
organs, thus closing one loop. This efferent vestibular
activity is under intensive study; the morphological
evidence is on a firm basis (refs. 13, 14, and 15),
and the functional role in man, while uncertain, is
likely to prove to be inhibitory.

In block IV are shown typical responses to which
the vestibular organs contribute under natural ter-
restrial stimulus conditions. The entire chain of
events involves blocks I through IV. Astonishingly
little is known concerning the normal function of
the vestibular system in man under natural condi-
tions. The canals and otoliths serve mainly as
“participants” in motor functions, and it is exceed-
ingly difficult to elucidate these contributory roles.
The reason is that “natural activities” greatly limit
the investigator both in terms of stimulus manipula-

tion and measurement and in the use of specific
indications (responses) of canal or otolith stimula-
tion which are available for measurement. Thus, the
investigator must resort to unnatural stimulation of
canals, otoliths, or both, which elicit abnormal re-
sponses that can be measured. In doing this he elicits
the same responses experienced by susceptible per-
sons in conveyances of different kinds which generate
abnormal patterns of accelerations. The important
difference is that in the laboratory the stimuli are
under the control of the experimenter.

The vestibular responses under abnormal stimulus
conditions fall mainly into two categories, system-
bound and nonsystem-bound responses. The main
chain of events in system-bound responses involves
blocks 1, II, III, V, and VI.

Some but not all system-bound responses reflect
instability of the vestibular system, and they will be
referred to as reflex vestibular disturbances. Typical
manifestations in normal persons include nystag-
mus, “sensations,” the oculogyral illusion, and eye-
head-body incoordination. Systematic studies of
reflex manifestations reveal characteristics of the
various responses which may be observed or in-
ferred. In general, they have the following in com-
mon: (1) short latencies, (2) maximal response to
the initial stimulus, (3) no perseverance of re-
sponses unless explicable by continuation of stimu-
lation, and (4) adaptation.

Nonsystem-bound responses (blocks I to ITI and
VI to VIII) constitute an epiphenomenon elicited
by certain repetitive accelerative stimuli, which not
only disturb the vestibular system but also allow
vestibular influences by means of a facultative or
temporary linkage to stimulate cells or cell groups
outside the system. These responses include the
symptoms of motion sickness and are superimposed
on any reflex manifestations also present. Inasmuch
as they are not elicited in response to physiological
stimuli and serve no useful purpose, they may be
properly characterized as absurd manifestations.

Little is known concerning the facultative linkage
(block VI). The fact that “irradiating” vestibular

activity is demonstrably open to modulating influ-

ences points to the use ‘of common pathways in the
brain stem formation. Mild symptoms of motion
sickness have disappeared under the influence of
experimenter-directed tasks which may have pre-
empted neural pathways used by irradiating vestibu-
lar activity. What makes the vestibular facultative
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linkage unusual but not unique is the readiness with
which vestibular activity may get “out of bounds”
and elicit the widespread responses which include
the typical symptoms of motion sickness. The some-
times long delay between the onset of stimulation
and appearance of motion sickness suggests that a
chemical linkage also may be involved.

Certain secondary etiologic influences are listed
in the lower right corner of figure 1. Some of these
influences, e.g., eyes open or closed, are always pres-
ent, tending to increase or decrease susceptibility
to motion sickness. Also, it may be assumed that any
factor tending either to evoke or inhibit a response
characteristic of motion sickness will affect suscep-
tibility accordingly.

Although the typical symptoms of motion sickness
are well known, a list of first-order responses (let
alone the precise sites of origin) has not been com-
piled (block VIII). At least some first-order re-
sponses also act as stimuli, and so on, until the
disturbances involve the organism as a whole. It is
apparent that there are great gaps in our knowledge
regarding mechanisms underlying the symptoma-
tology of motion sickness. It would seem that the
starting point in conducting studies would not be
the full constellation of symptoms and syndromes
but rather the first-order responses. Although there
is general agreement as to what constitutes frank
motion sickness, this agreement dwindles with the
reduction in number and kind of responses. It is
possible, for example, to elicit either sweating (prob-
ably a first-order response) and drowsiness (un-
doubtedly a second- or higher-order response) as
the only definite overt symptom.

Typical manifestations of motion sickness have
the following characteristics: (1) delay in appear-
ance of symptoms after the onset of the stressful
stimuli, (2) gradual or rapid increase in severity
of symptoms, (3) modulation by secondary influ-
ences, .(4) perseverance after sudden cessation of
stimuli, and (5) response decline indicating adapta-
tion.

Recovery during continual exposure to stress is
complicated. First the nonvestibular systems (block
VII) must be freed from vestibular influences (block
III) as the result of adaptation taking place in the
vestibular system. The point in time when this oc-
curs is difficult or impossible to determine because
it is not immediately reflected by the disappearance
of symptoms. Symptoms persevere until restoration

takes place (spontaneously) through homeostatic
mechanisms. The time of engagement and disengage-
ment between the vestibular and nonvestibular sys-
tems is best determined when a subject is exposed
to severe stress for a short period.

Another important omission in the figure relates
to mechanisms underlying adaptation in the vestib.
ular system (which.the possible exception of the
role of vestibular efferent activity). In general terms.
it would appear that individuals differ greatly ir
their ability to cope with abnormal vestibular inputs.
Some of this difference may be attributable to dif.
ferences in susceptibility and some to differences ir:
the rate at which they can adapt to the abnormal
inputs. The need to adjust must be triggered by s
recognizable difference between the incoming stimu-
lus pattern and the central patterning into which it
must integrate. The fact that motion sickness may
be prevented by incremental exposure to otherwise:
intolerable angular velocities in a slowly rotating
room implies that this ‘“recognizable difference”
may be smaller than that necessary to elicit symp-
toms. An additional implication is that adaptatior.
achieved by small increments in stressful accelera-
tions must involve the vestibular system proper
(block III) and not the nonvestibular systems
(block VII) where first-order responses character-
istic of motion sickness have their immediate origin.

IMPLICATIONS FOR SPACE FLIGHT

Even a fragmentary knowledge of vestibular
mechanisms can be usefully applied to the solution
of vestibular problems in space missions involving
the generation of artificial gravity.

The fact that the symptoms of acute motion sick-
ness are similar in weightlessness and in rotating;
environments (indeed, in any conveyance or device)
has important implications. First, the treatment o:
symptoms (apart from prevention) would be much
the same in persons with similar symptomatology.
Second, similarity of symptoms implies the opera-
tion of a common mechanism immediately prior to
their elicitation. It would seem, therefore, that inves.
tigations in the laboratory dealing with the symp-
tomatology of motion sickness would have relevance:
for operational conditions.

The initiating mechanisms eventually resulting in
motion sickness are quite different in weightlessnes:
and in a rotating environment, although the execu-
tion of head movements is essential in both circum-
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stances. In weightlessness the head movements (rota-
tions) generate normal angular accelerative stimuli,
but the resulting sensory input encounters unusual
central vestibular patterning due to the absence of
the constant stimulus of gravity. The susceptible
astronaut is immediately confronted with the maxi-
mum stressful effect possible; the analogous situa-
tion in a rotating environment would be immediate
transition from zero velocity to terminal velocity.
To achieve adaptation, head movements must be
made, and a program based on a knowledge of the
characteristics of motion sickness, the means of fix-
ing the head relative to the thorax, the spacing and
excursion of head movements, and the use of anti-
motion-sickness drugs should be helpful.

Head movements out of the plane of rotation of
the spacecraft generate abnormal accelerative stimuli
and, at terminal velocity, the astronaut would be
exposed to the maximal accelerative stimuli. There
is one means of achieving rapid adaptation to rota-
tion if a Barany-type chair is available. Rotating
the chair opposite to the rotation of the spacecraft
would permit manipulation of the angular velocity
between zero and terminal velocity, thus providing
the opportunity to use incremental adaptation

schedules (ref. 16).
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Space Station Capability
for Research
in Rotational Hypogravity

GEORGE KELLER
George C. Marshall Space Flight Center, NASA

SUMMARY

This paper outlines certain capabilities provided in preliminary designs of obital space stations for
research in rotational hypogravity. It also indicates alternative configurations that are being con-
sidered. Principal addressees are members of an international community of physiologists whose
work in Earth-oriented, as well as space-oriented, physiology can be supported through observation
under the background environment of null gravity. Their participation in originating and devising
advanced experiments and in developing requirements is encouraged. Such participation is expected
to enhance final design of the selected space station and to make the research program more

meaningful.

INTRODUCTION

The purposes of this paper are to provide infor-
mation for an audience of physiologists and to
encourage their participation in certain research
opportunities of the future. This information in-
cludes the description of prospective orbital space
stations and their capabilities. The research oppor-
tunities relate to the unique rotational hypogravity
that can be provided within a space station. Such
research can lead to further knowledge of the phys-
iological functioning and underlying mechanisms in
man within his Earth environment, and the observa-
tions can be more meaningful as the range of condi-
tions is increased: Experimental observations under
normal Earth gravity and hypergravity have been
rather extensive, of course, whereas the condition
of hypogravity is relatively unexplored. Thus, orbi-
tal space stations offer significant opportunity, not
so much for investigating man’s performance in
space, but rather as a means for learning more about
man in his normal habitat and, more significantly
to some, more about the role of gravitational fields
in the origin and evolution of man.

Concepts for manned orbital platforms have been

advanced over many years, centuries, or longer.
They are, perhaps, as old as man’s imagination it-
self. Such platforms in the sky would afford closer
views of the Moon, the stars, and the Earth; act as
way stations on journeys beyond; provide a means
for surveillance of enemy forces, for launching
bombs, or for shooting ray guns; serve as commu-
nication relays or collectors of solar energy; or even
be merely places away from the ordinary.

Reports on rotating space stations are numerous
and include some in the proceedings of the first four
symposiums like the present one (NASA SP-77,
SP-115, SP-152, and SP-187). The bibliography in
this report, however, is limited to documentation
under present contracts by the National Aeronautics
and Space Administration (NASA) with McDonnell
Douglas Astronautics Company (MDAC) and with
North American Rockwell (NAR).

It is the place away from the ordinary that is of
interest here, and it is extraordinary hypogravity
that has received much of the attention in recent
focus on orbital space stations. Two extensive space
station definition studies have been completed this
month; each of these efforts centered about a re-
spective baseline space station as a research facility

43
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in orbit. Both accommodate experiments in plant
and animal physiology under conditions of partial
gravity, and both provide for operational assessment
of artificial gravity as an environmental condition
of habitation. One of the studies resulted in an ex-
panded capability configuration, with emphasis on
research in partial gravity. Other concepts have
been proposed and have been successful to lesser
extents; these include the so-called modular stations
and, receiving attention after years of dormancy,
the space wheel. Both of these are devised to be
launchable as a payload of the Earth-to-orbit reusa-
ble shuttle. Further definition studies are in prog-
ress. Each of the configurations just mentioned is
described in the following sections of this report.
The descriptions should provide an understanding
of the capabilities afforded for research in certain
areas of physiology.

SPACE STATION CONFIGURATIONS
Baseline Space Stations

McDonunell Douglas Astronautics Company (MDAC)

Figure 1 shows the inboard profile of the vehicle
in launch configuration. Note the artificial-gravity
module, which contains cables and mechanisms for
controlled separation of the S—II stage and the sta-
tion. Also, note the extendable artificial-gtavity
tunnel, within which is provided a counterrotating
cab. Figure 2 shows the station and S-II stage
{counterweight) deployed for artificial-gravity spin-
ning; note here that a turnaround maneuver was
required to mate the tunnel with the artificial-gravity
module. Figures 3, 4, and 5 show decks 1 through 4
of this configuration. Figure 6 shows radii of rota-
tion and g-level versus rotation speed for each of
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ANTENNA (4) l CREW {6)
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GRAVITY>\,,/ / |
TUNNEL N\
e = 0 - 1
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Ficure 1.—Baseline space station with reference artificial-
gravity provisions (MDAC).
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Ficure 2.—Space station artificial-gravity configuration
(MDAC).

the four decks. Figure 7 shows the artificial-gravity
configuration and the 0-g configuration. The trans-
formation is made by jettisoning the S—II counter-
weight. Note that experiment modules are then dock-
able to the basic station under 0-g conditions.

6 CREW QUARTERS
(ARTIFICIAL-G ORIENTATION)

Ficure 3. Crew facilities and operations (decks 1 and 3)
(MDAC).
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Ficure 4.—Experiments (deck 2) (MDAC).
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Ficure 5.—General-purpose laboratory (deck 4) (MDAC).
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Ficure 6.—Artificial-gravity level versus rotation rate for
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Ficure 7.—Baseline space station configurations (MDAC).

North American Rockwell (NAR)

The docked S$-II and extended S-II configura-
tions are shown in figure 8. Note the differences
from the MDAC design in: (1) solar array versus
isotope-power supply, and (2) extendable boom
versus cable deployment for separation of the S-II
counterweight, Figure 9 shows a layout of deck 1
within this design. Of particular interest for com-
parison is the orthogonal versus radial array of the
spaces within the two baseline stations. Figure 10
shows some details of facilities provided within

deck 1.
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MODULE / FLOOR
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Ficure 8.—Artificial-gravity mode (NAR). Left, docked
S-11; right, extended S-11.
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Ficure 9.—Space station deck 1 arrangement (NAR).
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Ficure 10.—Deck 1 features (NAR).

Space Base Concepts
Space Wheel

Figure 11 depicts an octagonal space wheel with
spokes and central hub. At the end of the hub struc-
ture is shown a reactor power system. A portion of
this central hub could be counterrotated to yield a
null-gravity environment. Figure 12 shows the inter-
nal arrangement of two decks, each of constant
radius. Figure 13 shows a basic shuttle-launchable
module from which the annulus of the wheel is
assembled. Note the floor plan for upper and lower
floors at left and center, respectively, and the hatch-
ways provided between modules at the lower floor
level. Figure 14 shows sample floor plans for a
hospital/dispensary module. Other modules would
be equipped for functions such as operational con-
trol of the station, general-purpose laboratory for
physical sciences experiments, electronics and optics

VIEW AA

Ficure 12.—General internal arrangement: space wheel.

laboratory, food preparation and eating, sleeping,
rest and recreation, inspection and repairs. Figure
15 shows a general experiment floor. Figure 16
shows pertinent design interrelationships for space
stations of the wheel type.

Modular Space Station

Figure 17 shows an artificial-gravity configura-
tion for one of the modular concepts now being
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Fieure 13.—The basic shuttle-launchable module: space
wheel.

investigated. The g-levels that could be obtained
with such a design are shown in table 1.

Expanded-Capability Space Station

The name for this design stems from the signif-
icant increase in experimental capability, including
in particular increased capability for work in arti-
ficial gravity. Figure 18 illustrates the launch con-
figuration of the station atop the first two stages of
a Saturn V derivative, and figure 19 shows the
orbital configuration prior to manning and activa-
tion. Note that the intermodule skin has been sep-
arated and antennas have been deployed. Figure 20

shows internal details of the core and artificial-
gravity modules. The interconnecting tunnel is
shown foreshortened for convenience of illustration.
Note the counterrotating cab in the lower portion
of the tunnel (also shown in fig. 1}. Figure 21 shows
a crew/cargo module enroute from the shuttle to
the station for initial manning. Figure 22 shows the
station, with crew/cargo module docked, activated
and spinning. Figure 23 shows the station in a null-
gravity mode with experiment modules attached and
in free flight. Figures 24 and 25 show internal ar-
rangement of the core and artificial-gravity modules.
Figure 26 shows dimensions of the station in rota-
tional configuration. Table 1 gives gravity level
versus spin rate for each of the six decks.

DISCUSSION

Apart from these outline descriptions of space
station configurations, it should be noted that two
categories of research activities are involved. One
is the more obvious, relating directly to the subject
matter of this symposium; that is, the qualification
of man for space flight. The other relates to the
extraordinary environment of null and partial grav-
ity as a significant experimental condition—not
simply for research under these conditions, but as
a means to a better understanding of the funda-
mental mechanisms operating in the gravity field

of Earth life.
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Ficure 14.—Proposed floor plan for hospital/dispensary module: space wheel.
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Ficure 15.—General experiment floor: space wheel.
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Ficure 16.—Design interrelationships: space wheel.

Most studies concerning space stations thus far
have been directed toward providing an environ-
ment in orbit to which the average healthy person
could readily adapt without discomfort or loss of
performance. A report by the Artificial Gravity Ex-
periment Definition Study Group will soon be ready
for limited distribution by NASA. This group has
defined a program to study man’s response to rota-
tional environments within a null-gravity field such
that his tolerances and adaptations are clearly known
or can be predicted. As mentioned before, both the
basic space station designs accommodate this objec-
tive. Through differences in interpretation of re-
quirements, the NAR design provides for a single
operational assessment with one crew, whereas the

MDAC design provides for repeated assessments
with each of several crews over a period of 15
months. Except for numbers of subjects, these ex-
perimental capabilities are similar. The expanded
capability configuration, however, offers broader op-
portunities which may be of interest to you and your
associates in similar and related fields of investiga-
tion and application. Prospects for a vehicle like the
modular station or the space wheel are left to your
individual considerations.

For purposes of tradeoffs and analyses within the
space station definition studies, NASA provided a
candidate experiment program. It was intended to
be typical or representative of a real experiment
program to be implemented during the 10-year life
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Ficure 17.—Modular space station artificial-gravity configuration.

TaBLE 1.—Artificial-Gravity Parameters
Deck | 6 5 4 3 2 1
Spin radius (m) | 39.3 | 37.2 94 | 116 | 150 | 17.1
Spin rate (rpm) Acceleration (g)
10 438 {415 [1.06 [ 1.30 | 1.66 | 1.91
9 3.56 13.36 ||0.85 || 1.05 | 1.35 | 1.55
8 281 | 266 (|0.67 {083 | 1.07 | 1.22
7 2.17 | 2.03 []0.51 | 0.63 | 0.81 | 0.94
6 1.58 {149 ({0.37 | 0.47 | 0.60 | 0.69
5 1.10 | 1.04 {[0.26 | 0.32 | 0.42 | 0.48
4 0.70 { 0.66 |0.17 | 021 | 0.27 | 0.30
3 0.40 | 0.37 }{0.09 | 0.12 | 0.15 | 0.17
2 0.18 | 0.17 |j0.04 } 0.05 | 0.07 { 0.08
1 0.04 { 0.04 §0.01 } 0.01 }0.02 | 0.02
Enclosed area indicates acceleration range of interest (0.1 Ficure 18.—Space station launch: expanded-capabilit:

to 1.0 g). space station.
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Ficure 22.—Artificial-gravity experiment: station with crew/
cargo docked.

Ficure 19.—Unmanned  operations:  expanded-capability
space station.

Ficure 20.—Expanded-capability space station showing in-
ternal details of the core and artificial-gravity modules.

Ficure 21.—Manning operations: crew/cargo module en- Ficure 23,—Expanded-capability space station with experi-
route from shuttle to station (expanded-capability station). ment modules attached and in free flight.
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Ficure 25.—Artificial-gravity module: expanded-capability
space station.

span projected for the station. It includes elements
of plant and animal physiology, some of which are
in the form of centrifuged experiments. Except for
elements of advanced subsystems or technology ex-
periments, however, it does not include very many
fundamentals in human physiology related to either
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FicURE 26.—Dimensions and artificial-gravity levels of ex-
panded-capability space station rotating at 4 rpm.

long-term habitation in hypogravity, or basic effects
of gravitational fields. Presently, on the other hand,
additional coverage along these lines is being con-
sidered within NASA.

Additionally, it is important, I believe, that inves-
tigators throughout the fields of physiology take a
close look at the opportunities afforded by an orbital
space station, that they evaluate those opportunities
in terms of their individual needs and interests, and
that they assert their views and conclusions. How all
these investigators might become aware of the op-
portunity is not clear. Certainly the group at this
meeting already knows of prospects for research in
fundamentals related to the disorientation and con-
fusion of acceleration environments. Others surely
know of some of the prospects for measurement cf
physiological performances. Still others have de-
voted some attention to techniques of surgery, wet
chemistry, electrophoresis, and the like, performedl
in orbit or in planetary flight. On the other hand,
overall definitions of what can and ought to be done,
and how it should be done, are still incomplete.
Better concepts and improved designs of exper!-
ments are certain to come. As soon as these are
available, they can be translated into requirements
so that improvements in station configuration, suk-
systems, and research facilities can be considered..
In this way the space station operation can become
more useful and more valuable.

I should like to encourage you to view the space
station as a facility with experimental conditions
for Earth-oriented as well as space-oriented research
of rather unique dimensions, and to call upon your
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imagination and your professional and creative
skills to devise and develop new ideas and paths
toward further knowledge. Also, I should like to
encourage you to communicate with associates and
researchers in other areas of your fields and to par-
ticipate in the fundamental work underlying the
definition of the experiment program.
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Design of Experimental Studies of Human Performance
Under Influences of Simulated Artificial Gravity
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SUMMARY

Future manned space vehicles, such as Earth-orbital space stations and interplanetary vehicles,
may require artificial gravity for the maintenance of adequate crew performance and physiological

condition. Before final designs of these vehicles can be undertaken, data must be made available on
the level of gravity required. Also needed is a better understanding of what combinations of radius
and rotation rate (for the required gravity level) will provide a habitable environment for the crew.

A ground-based research program is now being undertaken to provide data concerning the effects
of a rotating environment on man’s ability to adequately perform gross and fine psychomotor tasks.
Emphasis is being placed on establishing the levels of artificial gravity and rates and radii of rotation
required in future space systems for preservation of crew performance and comfort. This paper
reports on an experimental study utilizing the North American Rotational Facility to investigate
crew mobility, cargo transfer and handling, and fine motor coordination at radii up to 24 meters

and at rotational rates up to 5 rpm.

INTRODUCTION

NASA and the aerospace industry are currently
involved in a cooperative planning activity to define
requirements for and configurations of post-Apollo
spacecraft. These spacecraft will have the primary
function of serving as space laboratories in which
research can be conducted in such disciplines as
physics, astronomy, biotechnology, advanced space-
craft technology, and Earth resources. Since the
spacecraft must provide the scientist-astronaut with
an environment for conducting his research without
undue hardship and stress, many spacecraft con-
figurations being derived evolve around the use of
artificial gravity by rotation of either all or part of
the vehicle. The idea is that artificial gravity would
provide a laboratory setting similar to that which
the researcher is accustomed to on Earth and that
artificial gravity would have the potential of avert-
ing any adverse effects of weightlessness on the
human physiological state.

It should be noted that weightless flights to date
have not substantiated whether the use of artificial
gravity is pertinent to the successful accomplish-
ment of future space missions. Whether artificial
gravity is required will be determined only after
missions of longer duration have been undertaken
in weightlessness. However, since the possibility
exists that artificial gravity may enhance mission
performance and that future spacecraft may be re-
quired to rotate, it is important that the effects of
rotation on man be thoroughly understood. A tech-
nological base for designing artificial-gravity space-
craft must be established so that mission planning
and spacecraft development will not be delayed
because of a lack of design criteria.

The objective of the ground-based research pro-
gram presented herein is to provide some of the
needed information concerning man’s performance
in an artificial-gravity environment. This program
will not answer the question of whether artificial
gravity is needed. [t 1s, however, designed to provide
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some insight into the aspects of a rotating space-
craft that are critical in the preservation of crew
performance and in the maintenance of a habitable
environment.

POSSIBLE EFFECTS OF ARTIFICIAL-
GRAVITY ENVIRONMENT ON
HUMAN PERFORMANCE

Although artificial gravity does have the potential
for providing the astronaut an environment which
is similar to that experienced on Earth (i.e., a
directional-gravity environment), there are certain
aspects of rotation that make this environment some-
what unusual. The adverse effects of rotation have
been expounded upon in references 1, 2, and 3 and
in many other reports. Basically, the complexity of
the environment is caused by the presence of Coriolis
forces, gravity gradients, varying gravity levels, and
cross-coupled angular accelerations. Coriolis forces
will be experienced by a man when he moves within
the rotating vehicle or will' be exerted on objects
when they are moved. The magnitude and direction
of these forces are dependent upon the rate at which
the man or object moves, the direction of movement,
the relative location at the point of movement within
the vehicle,-and the rate of vehicle rotation. These
forces may cause an astronaut to have difficulty in
walking, climbing, and performing routine tasks
involving the handling of masses of various sizes.

Gravity gradients and changing gravity levels
within the rotating spacecraft exist because the grav-
ity environment is a function not only of rate of
rotation but also of the radius. Thus, because of
differences in radius, objects on shelves weigh less
on “higher” shelves than on “lower” ones, a person
weighs less while standing than while sitting or
squatting, and the astronuat passing from one floor
level to another will experience a different gravity
environment at each level. This last fact is typified
in table 1 where it is shown that an astronaut or
scientist will be required to move from one level to
another during his daily activity; at each level he
will be required to perform various tasks in an
environment sometimes significantly different from
that which he has just left.

There are two important aspects of the effects of
cross-coupled angular acceleration on man in a
rotating environment. These effects are experienced
because of the gyroscopic coupling of the angular

velocity of the rotating vehicle with the angular
velocity of objects being rotated within the environ-
ment. One result of this coupling is the unusual re-
action of masses (such as cargo packages) when
they are handled. Because of the cross-coupling ef-
fect, the mass is angularly accelerated about an axis
perpendicular to the axis of manually induced rota-
tion. The result of this reaction may be a degree of
difficulty in working with objects of significant size.

The second effect of cross-coupled angular accel-
eration is related to the stimulation of the human
vestibular system. Numerous previous publications
(refs. 1, 2, 4, and 5, for example) have reported on
these effects. Briefly, since the vestibular system is
an acceleration-sensing mechanism, the cross-coupled
accelerations caused by head movements in a rotat-
ing environment sometimes create bizarre stimula-
tions to the system which result in disorientation
and possibly in varying degrees of motion sicknes.

Singular and combined results of all the adverse
effects of rotation discussed above have been pre-
dicted to influence an individual’s performan:e
capabilities in artificial gravity. Of course, human
adaptation to the rotating environment has becn
found to occur by many investigators (refs. 3 and 5,
and others). However, the degree of accommodation
to the environment for effective performance »>f
specific tasks is relatively unknown. These unknow:s
are related primarily to possible variations in per-
formance as functions of changing gravity environ-
ments, variations from one individual to another, .
and changes with the degree of adaptation to rota-
tion. The ground-based experimental program de-
scribed below deals with the study of specific human
tasks that may be adversely affected by a rotating
environment and that are of concern during routine
manned space mission operations.

GROUND-BASED TEST PROGRAM

In designing an experimental program to stucy
the effects of artificial gravity on human perfor-
mance, a guideline mission was needed to insure
that the results of the program would be applicable
to the development of a reasonably well-defined
mission and would be complementary to curreat
space-planning activity. For this purpose, the pres-
ently planned space-base configuration (fig. 1) was
used to formulate the program and to focus on criti-
cal problem areas being uncovered in the prelira-
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TABLE 1.—Typical Time Lines of Space-Base Activities
(assuming six working levels between 18 m and 40 m at 4 rpm)

Crewman
Time Level Activity Approximate g’s
0630 1 Arise 0.3
0630 to 0700 2 Personal hygiene 0.41
0700 to 0800 3 Mess 0.48
0800 to 1030 6 Calibration shops 0.7
1030 to 1200 6 Wet laboratory 0.7
1200 to 1300 3 Mess 0.48
1300 to 1400 4 Sick bay 0.59
1400 to 1800 5 Control station 0.63
1800 to 1830 2 Personal hygiene 0.41
1830 to 1930 3 Mess 0.48
1930 to 2200 3 Recreation and exercise 0.48
2200 to 0630 1 Quarters 0.3
Scientist

0630 1 Arise 0.3
0630 to 0700 2 Personal hygiene 0.41
0700 to 0800 3 Mess 0.48
0800 to 1200 Hub Research ° 0

1200 to 1300 3 Mess 0.48
1300 to 1600 4 Data reduction 0.59
1600 to 1800 6 Wet laboratory 0.7
1800 to 1830 2 Personal hygiene 0.41
1830 to 1930 3 Mess 0.48
1930 to 2200 3 Recreation and exercise 0.48
2200 to 0630 1 Quarters 0.3

Ficure 1.—Typical space-base configuration.

i

inary design of this spacecraft. Figure 2 illustrates
the artificial-gravity characteristics of this vehicle.
Acceleration in the main operating areas of the
spacecraft is between 0.3 and 0.7 times the Earth’s
gravity, and the nominal rate of rotation is 4 rpm.
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Ficure 2.—Currently proposed space-base environment.

This environment limits the operating radius of the
spacecraft to between about 18 and 40 m. In search-
ing for a ground-based facility with which to investi-
gate the related problems of artificial gravity, it was
determined that only one facility was readily avail-
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able and adaptable for the conduct of this research
and would closely simulate the environment of the
space base. This facility is the North American
Rotational Test Facility, located in Downey, Cali-
fornia (fig. 3).

The North American Rotational Test Facility has
a radius of 24 m and the capability of rotating up
to 6 rpm. The facility has been designed with the
capability of being expanded in radius to 38 m for
future research at simulated space-base levels farther
from the rotational center. A habitable module is
located at one end of the facility (at a 23-m radius)
and is capable of supporting a crew of four men for
a period of 30 days. The facility shown in figure 3

has undergone a number of structural modifications.

for the accommodation of the experiments to be
conducted (fig. 4). In addition to the living module
located at one end, a number of test stations have
been added for studying performance at various
radii, a movable enclosure is included for studies of
walking while the subject’s body is alined with the
artificial-gravity vector, ladders are provided for
examining the subject’s ability to move radially,
and there is a simulated elevator for passively tra-
versing toward and away from the center of rotation.
The use of each of these experimental apparatuses
is described in the following paragraphs.

Research Program
The present ground-based research program is
divided into two parts. Initial experimentation in-
volves the exposure of four test subjects to a series

Ficure 3.—North American Rockwell rotational test facility.

9-m and 24-m test stations

Ficure 4.—Modified rotational test facility.

of 12 days of testing, during which the subjects will
be required to perform various gross and fine psy-
chomotor tasks and general operational tasks while
on the rotational facility. A total of 8 hours of test-
ing will be conducted during each of the 12 days.

The second part of this program involves the
exposure of four subjects (two participants of the
8-hour tests plus two naive subjects) to 7 continuous
days of rotation, during which tests similiar to those
of the 8-hour tests will be conducted. The present
discussion is limited to the 8-hour tests, since the
design of the 7-day test will not be completed until
results of the 8-hour tests (now underway) have
been analyzed.

The subjects selected for these experiments are
employees of the North American Rockwell Cor-
poration, and they are either test pilots or they are
engineering personnel with prior experience in
human factors research. Each subject has been
selected on the basis of his motivation, his medical
history and present physical condition, and his
degree of susceptibility to motion sickness. The last
characteristic was determined at the Naval Aero-
space Medical Research Laboratory, using methods
established by that laboratory.

Each of the following experiments will be con-
ducted at rotation rates of 3, 4, and 5 rpm to
determine variations in performance with rotational
rate. Changes in performance as a function of
radius will be studied by conducting each experi-
ment at more than one location on the facility. In
addition to the experimental measurements dis-
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cussed, each subject will wear an electrocardiogram
(ECG) telemetry system throughout the tests to
monitor that related aspect of the physiological
system during the performance of each task.

Crew Mobility

Some of the concerns for crew mobility in arti-
ficial gravity are illustrated in figure 5. For example,
when a crewmember moves radially in the space
base (as in climbing a ladder from one floor level
to another), the Coriolis force acts on the body tan-
gentially in the prospin direction for motion toward
the spin axis and in the antispin direction for
motion away from the spin axis. The crewmember
moving radially with a constant velocity will there-
fore experience a constant tangential force super-
imposed upon a varying gravity force. The resultant
force experienced will continually change in both
magnitude and direction. The problem becomes
further complicated because his limbs will move at
different speeds from his gross climbing speed, and
they will be subjected to different and varying
Coriolis forces.
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A crewmember moving tangentially within the
rotating spacecraft will experience changes in his
local weight. Increases and decreases in weight will
depend on the rate and direction of movement, and
the changes are due to varying centrifugal accelera-
tion and Coriolis forces acting on the body in
motion. Thus, as illustrated in figure 5, locomotion
in the direction of vehicle rotation results in the
crewmember feeling heavier, and locomotion against
the rotational direction results in a feeling of being
lighter. Pure axial motion in either direction would
result in no change in weight or extraneous forces,
since Coriolis forces are nonexistent. Of course, if
the crewmember does not move at all, he will experi-
ence only a constant gravity environment.

To study the ability of an astronaut to transfer
from one floor levei to another in the space base,
experiments are being conducted that involve the
simulation of climbing a ladder toward and away
from the center of rotation. Figure 6 illustrates this
simulation. During these experiments the subject is
supported by a sling apparatus which is similar to
that which has been successfully used in the past for
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F1cURe 5.—~Inertial reaction forces experienced by man moving in a rotating environment.
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Ficure 6.—Ladder-climbing experiment.

lunar walking studies. This technique deletes most
of the effects of Earth’s 1-g force from the simula-
tion, and the effects of changing gravity levels and
Coriolis forces resulting from radial locomotion
are effectively studied.

The ladders have a length of 18 m and are posi-
tioned on the rotational facility between radii of
3 m and 21 m. One ladder is used to study radial
climbing with the subject facing the direction of
rotation, and the other is used for locomotion fac-
ing opposite the rotation. Each subject’s comments
are recorded via a radio transmitter in his helmet,
and motion pictures and closed-circuit television
record the subject’s movement patterns, while he
executes a number of excursions up and down each
ladder. Each test is repeated while the facility is
rotated at 3, 4, and 5 rpm.

The experiment shown in figure 7 serves the pur-
pose of studying the effects of rotation on man’s
ability to walk tangentially within a rotating space-
craft. The movable enclosure shown in figure 4 is
positioned at radii of 6, 12, 18, and 21 m for these
experiments, and the facility is rotated at 3, 4, and
5 rpm. In a manner similar to that of the ladder-

Ficure 7.—Tangential walking experiment.

climbing experiment, each subject is suspended by
a sling assembly to nullify the 1-g force and to allow
the subject’s longitudinal body axis to be alined with
the artificial-gravity vector. While subjective com-
ments are recorded and while movement is recorded
with motion pictures and closed-circuit television,
each subject is required to walk the 4.5-m length of
the enclosure both with and against the rotational
direction. In this way the ease of mobility in each
environment is determined. Changes in walking per-
formance are also indicated by the total time re-
quired to traverse the 4.5-m distance.

Cargo Handling

To examine the ease with which cargo of sig-
nificant size and mass may be handled in the rotat-
ing environment, the experiment illustrated in figure
8 is performed. Each subject is positioned in the
sling apparatus located within the movable enclos-
ure. While subjected to various rotating environ-
ments, he moves masses of 1.459 kg (1 slug) from
top shelves to lower shelves (and vice versa). Dur-
ing the movement of each mass, it is rotated accord-
ing to a preprogramed sequence to study the effects
of cross-coupled angular acceleration on handling
characteristics. In another test, to study the effects
of rotation on cargo transport, each subject walks
the length of the enclosure while carrying a 1l-slug
mass. Voice and motion-picture recordings are made
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F1cure 8.—Cargo-handling experiment.

of each task, and variations in ease of handling are
indicated by the total time required to perform the
task. During each experiment the effects of the
Earth’s gravity on the simulation are deleted by sus-
pending each element of mass by a cable.

Crew Passive Radial Transport

Figure 9 shows the simulated passive radial trans-
port system (or elevator) that is presently being
used to study problems relating to the space-base
operation of such a device. One potential problem
associated with the use of an elevator in a rotating
spacecraft is related to rapid changes in hydrostatic
pressure within the cardiovascular system when the
astronaut is transported at a fast rate. As he is
moved, the gravity acting along his body axis
changes rapidly, giving an effect similar to that of
being subjected to a tilt-table test. The purpose of
this experiment is to determine acceptable rates of
radial transfer in rotational environments of 3, 4,
and 5 rpm.

The procedure for this experiment involves radial
movements of the system (with subject) at 0.6, 1.2,
and 1.8 m/s. The total distance of transport is 18 m
between radii of 21 m and 3 m. Subjective comments
made by each subject are recorded, and ECG re-
cordings are monitored during each test. Later tests
will be conducted to study the compound effects
resulting from programmed head motions of each
subject while being transported.

Ficure 9.—Crew passive radial transport system experiment.

Psychomoter Tests

The effects of various rotational environments on
fine psychomotor performance are studied by use of
three test devices. The first device is the Langley
Complex Coordinator (LCC), which has been used
successfully during Projects Tektite and Ben Frank-
lin and which is presently being used during the
Langley-supported 90-day environmental control
and life support system test. This device is shown
in figure 10. The test involves the measurement of
fine motor control of all four limbs by simultane-
ously matching a preprogramed sequence of acti-
vated lights with corresponding lights controlled
by the hands and feet. The time required to per-
form a series of tests while under the influence of
unusual stress is recorded and compared with times
of previously performed baseline tests that were
conducted under ideal circumstances. In this man-
ner psychomotor performance changes due to the
stressful environment may be established. For the
purpose of the present experiment, the LCC device
is located on the rotational facility and used in the
crew living module to study the effects of exposure
to rotation on overall psychomotor performance
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Ficure 10.—Langley complex coordinator.

and to indicate any degree of adaptation to the
environment whereby performance is expected to
improve with exposure time.

The other two psychomotor performance meas-
urement devices are a modified Stromberg Dex-
terity Test and the Decision Response Time (DRT)
test. The well-known Stromberg Dexterity Test
involves the placing of cylindrical blocks of three
different colors into correspondingly colored holes
while following an established procedure. The
measurement of performance is the time required
to complete the test, and these times are compared
with baseline times derived from previous trials
performed in a nonrotating environment. Since
hand and arm motions are required, the use of the
Stromberg Dexterity Test permits the study of the
combined effects of the environment on psycho-
motor behavior and on manipulation of small ob-
jects under the influence of Coriolis forces. There
are two Stormberg Dexterity Test devices located
on the facility, one at the crew living module and
the other at the nonrotating hub.

The DRT test is an electronically controlled
test in which the subject is presented a numbered

code that identifies a sequence of four lights pre-
sented to him. As each light comes on, the subject
presses one of four switches controlled by the
fingers of the right hand to turn the corresponding
light off. The switch that must be pushed is de-
termined by memorizing the code, which is deleted
from the display after the first light is turned off.
As each light is turned off, another light is dis-
played, and so on. The psychomotor performance
measurement is the total time required to turn off
96 lights presented in sequence, with the code
changing after every 12 lights. Changes in perform-
ance are determined by comparing the time re-
quired to complete a problem set with the time to
complete a set in a nonrotating environment. DRT
devices are located at the performance test stations
at radii of 9 and 24 m (figs. 4 and 11). There is
also a DRT device located at the nonrotating hub,
along with a Stromberg Dexterity Test for per-
formance measurements at that station (fig. 12).
These devices are used primarily to study the
performance changes that occur when a subject
moves from a rotating to a nonrotating environ-
ment. Concern is for the astronaut’s ability to per-
form required tasks when he moves to the zero-
gravity hub of the space base. This simulation is
expected to give some indication of whether sig-
nificant changes in performance do occur.

All three psychomotor performance measurement
tests are being used throughout the series of 8-hour

I k o,

Ficure 11.—Decision Response Time device (9-m and 24-m
test stations).
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Ficure 12.—Nonrotating hub test station.

experiments to monitor changes in performance
due to increases in exposure to rotation and due to
changes in rate and radius of rotation.

Ataxia Tests

In addition to the experiments discussed above,
at the end of each day’s testing a battery of ataxia
tests (ref. 6) is performed on each subject. The
purpose of these tests is to obtain some indication
of the degree of adaptation of each subject to the
rotating environment. If the results show that the
subject is ataxic, it can be assumed that he is
adapting to rotation, and the degree of ataxia can
be related to the degree of adaptation.

Test Procedure

The experimental procedure for the series of
8-hour tests is typified in tables 2 and 3. The sub-
jects participating in each test are identified by
the letters A, B, C, and D, and the test conditions
(rate and radius of rotation) for each day are
indicated. Letters in parentheses indicate a subject
who is an assistant for the participating subject
in that particular experiment.

Testing is initiated in the morning with the re-
establishment of baselines on the Langley Complex

Coordinator (LCC). The LCC scores during the
latter part of the day indicate not only the effects
of the environment on psychomotor performance
but also the accumulative effects of adaptation
when scores are compared on a day-to-day basis.
The last test performed at the end of each day is
the ataxia test. This test is conducted immediately
after the facility comes to rest and before the sub-
jects are allowed to move about excessively in the
nonrotating environment.

By comparing the test sequence of one day with
another, it can be seen that the psychomotor tests,
walking and cargo-handling tests, ladder-climbing
tests, and the elevator experiment are randomized
from day to day. Tests performed during the morn-
ing hours of one day are performed in the after-
noon of another day. In this way, the diurnal
effects on the experimental results may be elimi-
nated by statistical analysis.

Although not shown in tables 2 and 3, the psy-
chomotor tests at the 9-m and 24-m test stations
are performed while the subject is in three dif-
ferent orientations: facing axially, facing in the
rotational direction, and facing against rotation.
By conducting these experiments in this manner,
the significance of relative orientation of an astro-
naut in a rotating spacecraft is determined. The
horizontally situated couches at the 9-m and 24-m
test stations are rotated to these positions for this
purpose.

CONCLUDING REMARKS

The design of an experimental study to investi-
gate the effectiveness of man in performing every-
day tasks in a rotating environment is presented.
The 8-hour test series discussed herein is expected
to provide sufficient information about the effects
on human performance of short-term exposure to
rotation so that a more comprehensive experiment
can be conducted in which subjects will be exposed
to 1 week of continuous rotation. During this future
experiment, efforts will be made to duplicate as
closely as possible a routine of performance tasks
similar to those expected of a crew within a rotat-
ing spacecraft. Emphasis will be placed on the
determination of effects of long exposure on adapta-
tion to the environment, the habitability aspects
of the environment, and the general performance
capabilities of the subjects.



64 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

TABLE 2.—Test Run 1: Subject Order and Station Allocation Sequence
{Rotation rate=4 rpm; walking-wall radius=21 m; letters A to D indicate subjects)

Prerotation Psychomotor tests
- : - Walking Post-
LCC baseline Hub 9m 24 m | Cabin Cabin and Ladder rotation
Stand. cargo climbing Elevator
Cabin ggg gi{ gif_ LCC Strgmberg handling Ataxia
ext.
C D
A B
A B C D
B C D A
D A B C
C D A B
A (B) C (D)
B (A) D (C)
C (D) A (B)
D (O) B (A)
A (B) C (D)
B (A) D (C)
Cc (D) A (B)
D (©) B (A)
A
B
C
D

TaBLE 3.—Test Run 6: Subject Order and Station Allocation Sequence
(Rotation rate=3 rpm; walking-wall radius=6 m)

Prerotation Psychomotor tests . Post-
LCC baseline | Hub | 9m | 24m | Cabin | Cabin | Volking rotation
DRT | DRT | DRT Snd. |1, cimbing | Hlevator |
Cabin LCC Dext. Dext, Lce StrDomberg handling & Ataxia
ext.
A B
C D
A (D) B (C)
D (A) C (B)
B (C) A (D)
C (B) D (A)
A (D) B (C)
D (A) C (B)
B (Q) A (D)
C (B) D (A)
C D A B
D A B C
B C D A
A B C D
C
D
A
B
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Locomotion in a Rotating Environment

WiLLiam LETkO *
NASA Langley Research Center

SUMMARY

Plans are being formulated for establishing a manned space station in Earth orbit in the near
future. Its purpose is to provide a test facility for a large number of experiments that can best be
performed in space or that can only be performed in space. The space station is to have a lifetime of
several years and will be occupied by different crews, each of which will spend relatively long
periods of time in the station before a different crew is brought aboard. The configuration of the
space station, therefore, needs to be such as to best utilize and maintain the capabilities of the
crew. The configuration of the station should also allow for the performance of the large variety of
experiments contemplated.

In order to provide the best possible space station configuration, a number of space and ground-
based experiments are to be undertaken to provide design data for the operation of space stations.
In this connection, the initial experiments in space planned for Skylab I will include experiments
on man’s habitability requirements and performance capabilities in zero gravity. Also, ground-based
experiments are to be performed and later space experiments are being considered to examine the
efficacy of providing artificial gravity by rotation of the space station.

The Langley Rotating Space Station Simulator is one of the ground-based facilities that is being
used to obtain data on man’s performance in a rotating environment, At present the facility is being
used to assess the effects of rotation on man’s walking capabilities on circular and flat walls at
g-levels from 0.05 to 0,75 g.

This paper reviews some of the preliminary results.

SIMULATOR DESCRIPTION AND TESTS

A photograph of the Langley Rotating Space
Station Simulator is shown in figure 1. The facility
consists of a circular platform of 12-m diameter
with a 1.8-m vertical wall at the periphery. The
wall simulates the floor of a rotating vehicle upon
which subjects suspended horizontally can walk
and otherwise perform as they would in a rotating
vehicle. The subjects, as can be seen in the figure,
are suspended by a system of cables and harnesses
attached to a trolley that is free to move radially
along an overhead boom. The boom is servo-
mechanized so that it tracks the subject and allows
him to move relative to the wall, free of the effects
of boom inertia and wind drag.

In the walking experiments the subjects were

* In Mr. Letko’s absence the paper was presented by Ran-
dall Harris, Langley Research Center, NASA.

FicURe 1.—Langley rotating space station simulator.
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asked to walk at their own pace as smoothly as
possible. The simulator rotation as viewed from
above was always in the counterclockwise sense.
" The subjects walked both in and opposite to the
direction of simulator rotation, thus increasing or
decreasing the nominal levels of gravity by an
amount that depended on their walking rate. The
subjects were required to walk on both the circular
floor and a flat segmented floor. The rotational rate
of the simulator was varied from about 3 to 10.5
rpm, corresponding to g-levels from 0.05 to 0.75 g
at the subject’s feet.

In order to assess the subject’s walking per-
formance, measurements were made of the vertical
floor reactions and fore-and-aft shear forces gen-
erated by the subject’s feet. These floor reactions
or forces were measured using two 15-by-30-cm
rectangular plates attached to strain-gage balances
mounted on the walls of the simulator. Because of
strain-gage balance limitations, the vertical reaction
force and the fore-and-aft shear force had to be
determined individually in separate tests. The force
plates were located tangentially along the wall so
that the distance between centers was 66 cm while
the lateral displacement of the centers was 15 cm,
as can be seen in figure 2.

The distance between the plate centers was the
same on both the circular floor and the flat seg-
mented floor. The flat segmented floor was made
by mounting three sheets of plywood, each 2.4 by
1.2 m, on the circular floor as indicated in figure 3.
The orientation of the force plates for clockwise
and counterclockwise walking on the flat segmented
floor is also shown in figure 3.

In addition to the force measurements, subjec-
tive comments were elicited and motion pictures
were obtained to provide additional information on
walking in a rotating environment. Subjective opin-
ions were obtained from the four subjects for whom
floor reactions were measured and for two addi-
tional subjects who had considerable experience
walking in reduced-gravity simulators.

RESULTS AND DISCUSSION

The subjective results of this investigation con-
firm those of an earlier investigation in the same
simulator and reported in references 1 and 2. The
aforementioned walking experiments were per-
formed in the same simulator, using the circular
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FicUre 2.—Sketch showing displacement of force plates on
stmulator floor.
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Frcure 3.—Force plate orientation for walking in and op-
posite to the direction of simulator rotation on the seg-
mented flat floor.

floor only. They were repeated herein because, in
the earlier tests, the subject support boom was not
servomechanized, and there was some uncertainty
as to the extent to which the walking performance
was affected by boom friction and inertia.

The following discussion describes the general
results of the present investigation. At an artificial
g-level of about 0.1 g, it was difficult to initiate
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and terminate the walk, and thus the time to reach
a normal walking rate was increased. It was pos-
sible to walk counterclockwise when the station
rate of rotation provided a nominal 0.05 g. How-
ever, at this g-level, when walking opposite -to the
direction of station rotation, the subjects would
tend to rise and float free of the floor. At g-levels
of 0.3 and above, the subjects reported sensations
of leg and body heaviness; these sensations were
quite disturbing at g-levels of 0.5 and 0.75. The
subject reported that walking at g-levels of 0.167
and 0.3 was easier than at the other g-levels tested.

Generally, it was found that walking on the flat
segmented floor was quite similar to walking on
the curved floor. However, at g-levels near 0.1 g
it appeared more difficult to initiate the walk and
stop than was found for the circular floor. This
tendency was reduced as the g-level was increased.
The difliculty of initiating and stopping the walk
on the flat floor may be due to the fact that the
local gravity vector is not perpendicular to the
floor except at the center of the flat floor segments,
as shown in figure 4. As can be seen in the figure,
a subject standing on the floor would be subjected
to a component of gravity acting opposite to the
direction of walking when on one side of the per-
pendicular and acting in the direction of walking
when on the other side of the perpendicular. From
vestibular and proprioceptive cues it appears the
subjects should have felt that they were walking
uphill and then downhill. Motion pictures showed
them walking alined with the local gravity vector.
Actually, however, the subjects reported that they
felt as if they were walking on the level. The reason
for this finding is not completely understood at this
time.

As mentioned earlier, in addition to the sub-
jective data, floor reaction forces were also ob-
tained to help assess the effects of artificial gravity
on walking performance. During walking, vertical
fore-and-aft shear and lateral forces, as well as
lateral torques, are generated by the feet. For the
purpose of this investigation, only the vertical
forces and fore-and-aft shear forces are considered.

The vertical forces and fore-and-aft shear forces
generated by one foot while walking in the normal
1-g environment are shown in figure 5. The figure
shows the forces in percentage of subject weight
plotted against time from the moment of heel con-
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Ficure 4.—Sketch showing components of the local gravity
vector (centrifugal force) parallel and perpendicular to
one of the flat floor segments.
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Ficure 5.—Time history of vertical force and fore-and-aft
shear generated by one foot of a subject walking in the
normal 1-g environment. Note that the vertical scale for
the shear force is twice that for the vertical force.
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tact to toe liftoff. A positive vertical force is one
acting upward on the foot, while a positive shear
force is one acting on the foot in the direction of
walking. The data of figure 5 are similar to those
obtained in references 3 and 4, for example. The
vertical force profile has the characteristic double
hump, while the lateral shear is initially negative
because of deceleration of the striking foot and
then becomes positive as the foot pushes backward.
It should be pointed out that the data presented
herein are for one subject. Consideration should
be given the fact, as indicated in reference 3, that
although the force profiles for different individuals
are generally the same, the magnitude of the forces
varies with weight, body build, and ratio of leg
length to length of stride, as well as walking
cadence. Nevertheless, an examination of the data
for all subjects for whom force measurements were
taken indicated that the trends in the data caused
by varying the test parameters can be determined
from data for a single subject.

Figures 6 and 7 show the effect of varying the
artificial g-level on the vertical and shear forces
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Ficure 6.—Time history of vertical force and fore-and-aft
shear generated by one foot of a subject walking on the
circular floor of the rotating simulator, opposite the direc-
tion of rotation. Note that the vertical scale for the shear
force is twice that for the vertical force.

generated by one foot of a subject walking on the
circular floor. The data on figure 6 are for walking
opposite to the direction of rotation (clockwise)
and on figure 7 for walking in the direction of
rotation (counterclockwise). Both figures 6 and 7
show that the vertical force and fore-and-aft shear
forces decrease with a decrease in g-level, as ex-
pected. Comparison of the vertical floor reaction
data of reference 4, shown in figure 8, obtained for
one subject in an airplane flying trajectories to
produce g-levels from 0.17 to 1.0 g indicates the
same general effects of reducing g-levels as found
in the present investigation.

The consequences of the direction of walking in
the rotating simulator can be seen by comparing
the vertical force and fore-and-aft shear data of
figures 6 and 7. The vertical force and fore-and-aft
shear force for clockwise walking (opposite the
direction of simulator rotation) are considerably
lower than for counterclockwise walking. The fore-
and-aft shear forces are reduced to nearly zero for
walking opposite to the direction of rotation at
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Ficure 7.—Time history of vertical force and fore-and-aft
shear generated by one foot of a subject walking on the
circular floor of the rotating simulator, in the direction of
rotation. Note that the vertical scale for the shear force is
twice that for the vertical force.
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Ficure 8.—Time history of vertical force and fore-and-aft
shear generated by one foot of a subject walking in an
aircraft flying trajectories producing various g-levels. Note
that the vertical scale for the shear force is twice that for
the vertical force. Data reproduced from reference 4.

0.1 g, substantiating the subjective opinion that
walking is difficult at this g-level, including the
tendency to float free of the floor, especially when
walking opposite the direction of rotation.
Figures 9 and 10 present the effects of changing
the artificial g-level on the vertical force and fore-
and-aft shear force generated while walking on the
flat segmented floor. The effects of reducing g-level
and the effects of direction of walking are generally
similar to those obtained for the circular floor.

CONCLUDING REMARKS

On the basis of the results of this investigation
of the effects of artificial g-levels on walking per-
formance, the following remarks are indicated. The
subjects found that they were able to walk at levels
as low as 0.1 g. At 0.05 g, walking opposite to the
direction of rotation caused the subjects to lose
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Ficure 9.—Time history of wvertical force and fore-and-aft
shear generated by one foot of a subject walking on the
segmented flat floor of the rotating simulator, opposite the
direction of rotation. Note that the vertical scale for the
shear force is twice that for the vertical force.
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Ficure 10.—Time history of vertical force and fore-and-aft
shear generated by one foot of a subject walking on the
segmented flat floor of the rotating simulator, in the direc-
tion of rotation. Note that the vertical scale for the shear
force is twice that for the vertical force.
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traction, and they floated free of the floor. At low
g-levels there were some indications that the initia-
tion of walking on the flat floor was more difficult
than on a circular floor. A more detailed examina-
tion of the data is required to confirm this opinion.

In general, the subjects felt that, for the simula-
tor used (12-m diameter), walking at g-levels of
0.167 and 0.3 was easier than walking at the other
g-levels tested.
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Some Physiological Aspécts of Artificial Gravity

D. B. CRAMER and ASHTON GRAYBIEL
Naval Aerospace Medical Research Laboratory

SUMMARY

On the assumption that man is a gravity-sensitive creature, lengthy exposure to weightlessness
is likely to produce prominent alterations in some aspects of his bodily functions. Artificial gravity
represents a logical solution to this problem, but due to the engineering complexity and substantial
cost of producing artificial gravity, ground-based studies are needed to define its potential usefulness
aloft. The effects of increasing artificial-gravity exposure on four aspects of physiological fitness
are examined in four young men who, prior to exposure, were deconditionied with bed rest and water
immersion. The four aspects of physiological fitness-are orthostatic tolerance, exercise tolerance,
forearm endurance, and maximum strength. Orthostatic tolerance was sharply reduced by decondi-
tioning and was substantially improved by walking in simulated lunar gravity (1/6 g) for 2.5
hours daily for 7 days or by walking in 1/2 g and 1 g for 1 hour daily for 3 days. Exercise tolerance
was also sharply reduced by deconditioning but did not significantly improve with increasing g-ex-
posure. Walking in 1 g for 1 hour daily for 3 days raised exercise tolerance only a little above
the low produced by deconditioning. Forearm endurance and maximum strength were relatively
unaffected by deconditioning and subsequent g-exposure. Explanations for: these results are proposed,
including a discussion of ground-based experimentation to estimate the usefulness of artificial gravity
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aloft.

INTRODUCTION

Man, in all likelihood, is a gravity-sensitive crea-
ture; therefore, lengthy exposure to accelerations
substantially greater or less than that of Earth
gravity will produce measurable alterations in
some aspects of his bodily functions. This assertion
is supported by some existing evidence. It has often
been shown in laboratory animals that exposure to
acceleration levels greater than 1 g produces sig-
nificant physiological alterations (refs. 1 to 3).
Similarly, simulations of weightlessness have also
produced readily detectible alterations of physiologi-
cal function (refs. 4 to 6), and in the brief ex-
posures to weightlessness encountered thus far in
our space program, transient alterations have been
documented (refs. 7 and 8). If exposures to both
weightlessness and hypergravity are capable of
producing readily detectible alterations in bodily
form and function, then a high probability exists
that man is indeed gravity sensitive.

The physiological alterations related to 0-g ex-
posure to date have all been transient. However,
if the exposure to weightlessness were long enough,
readaptation to the 1-g environment upon returning
to Earth would perhaps not be so quickly accom-
plished. To keep the astronaut fit in space, capable
of safe reentry and of readily reconditioning to
1 g, longer space missions will employ a variable
combination of countermeasures and reconditioning
techniques. Artificial gravity is clearly a logical
antidote for man’s sensitivity. However, due to the
engineering complexity and overall expense of
creating artificial gravity in any part of the space-

-craft, substantial ground-based studies are needed

to define and justify its use.

The present experiment was designed to examine
the effects of increasing artificial-gravity exposure
on four aspects of physiological fitness: orthostatic
tolerance, exercise tolerance, forearm endurance,
and maximum strength. The subjects were healthy
young men who, prior to exposure, were decondi-
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tioned by a combination of bed rest and water im-
mersion. Artificial-gravity magnitudes were 1/6 g,
1% g, and 1 g, with exposures ranging from 30
minutes to 8 hours per day for up to 7 days. It was
hypothesized that deconditioning would have sub-
stantially different effects on the four selected para-
meters of physiological fitness; likewise, artificial-
gravity exposure in the deconditioned subjects
should also have ‘substantially different effects on
the same fitness parameters, probably varying both
in time course and magnitude.

METHODS

Subjects

Four healthy male college students were selected
on the basis of a rigorous physical examination and
interviews with the research staff. To be considered
to have acceptable cardiovascular function, each
subject had to display:

1. A negative medical history for any prior
significant cardiorespiratory illness.

2. A normal physical examination.

3. A normal resting 12-lead electrocardiogram
(ECG).

4. A normal radiographic cardiac series.

5. A normal exercise-tolerance test in which the
subject must run for at least 5 minutes on a
level treadmill traveling at or greater than
9.6 km/h without his heart rate reaching 180
beats per minute.

6. A normal postexercise ECG with no ischemic
changes.

7. Normal orthostatic tolerance as measured with
lower-body-negative (LBNP), in
which the subject must show the typical blood-
pressure and pulse changes with a grayout
endpoint at greater than 5 minutes at 70 mm
Hg subatmospheric.

pressure

Inasmuch as the artificial gravity was generated
on a centrifuge at a 3-m radius with angular veloc-
ities ranging from 8 rpm to 15 rpm, the incidence
of motion sickness was a considerable likelihood.
In the interviews, only those subjects were selected
who had gained some previous experience with
motion sickness in a rotating environment; by
using experienced subjects, the incidence of mo-
tion sickness could hopefully be reduced. The sub-

jects lived inside the laboratory for the entire
experiment and were paid $35 per day for their
participation.

Ambulatory Control Periods

The experiment began with a 5-day ambulatory
control period. During this time the four subjects
were not permitted to leave the laboratory but
were encouraged to move about in the building,
spending much of their day either standing or
sitting. On the first day the subjects were briefed
on all of the experimental equipment and each was
given an opportunity to familiarize himself with
the experimental tests and procedures. For the next
4 days, control data were collected on each of the
four fitness tests. Each subject received a second
physical examination during the control period,
and throughout the experiment routine clinical
tests and vital signs were recorded on a daily basis
to detect any insidious illness.

Deconditioning

The deconditioning period lasted 7 days and con-
sisted of a combination of bed rest and water im-
mersion. The subjects spent 8 hours per day
immersed in water and the remaining 16 hours of
the day at strict bed rest. The water-immersion
deconditioning consisted of suspending the subject
on a nylon litter in about 2.5 m® of normal saline,
so that only his head was above the surface. The
water temperature is critical (ref. 9) and was held
to 35.2820.55 °C as measured 5 cm under the -
subject’s back. To minimize the hydrostatic pres-
sure on the subject’s chest, the nylon litter was
adjusted to keep no more than 1 cm of water above
the subject’s chest at full inspiration. While at bed
rest each subject was allowed the use of a small
pillow and to lift himself on one elbow to eat.
Micturition and defecation were accomplished with
a bedpan, and constipation, when it did occur, was
treated with stool softeners. The diet was not con-
trolled and the subjects were allowed to select
whatever they desired from the hospital kitchen.
Intake and output estimates were kept, but, in view
of the uncontrolled diet, any metabolic conclusions
would be tenuous. Movement about the laboratory
was accomplished with a cart capable of mechani-
cally lifting the subject on and off the centrifuge
while always keeping him horizontal.
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Artificial Gravity

The artificial gravity was generated on a cen-
trifuge. In this process the subject was kept hori-
zontal in a fiberglass body mold so that the long
axis of the cardiovascular system remained null
to the gravity vector but always remained alined
with the centripetal vector produced by rotation.
The fiberglass mold was constructed to support
the subject’s weight vertically, and simultaneously
permit free movement in the horizontal plane at
the knees and hips. The mold was then supported
on air bearings and counterbalanced so that the
subject could readily walk on the centrifuge wall,
which was located at a 3-m radius. A given level
of centripetal acceleration equal to the desired level
of artificial gravity was then imparted to the sub-
ject’s center of mass by rotating the centrifuge.
Due to the short radius, there was a substantial
g-gradient along the man. The centrifugal force
at his feet was about 40 percent greater than the
force applied to his center of mass; similarly, the
centrifugal force at his head was about 40 percent
less than that of his center of mass. Any subtle
effects of g-gradients are not presently known, but
rather large g-gradients have been reported to be
well tolerated for at least short periods of time (ref.
10). To generate the 1.g level on the centrifuge
would have involved rotation at 21 rpm, and at
this angular velocity the incidence of motion sick-
ness is quite likely. For this reason the 1-g level
was obtained simply by having the subject remain
erect and walk slowly on a level treadmill.

Fitness Parameters

Orthostatic Tolerance

A lower-body-negative-pressure tank was used to
measure orthostatic tolerance. In this device an
airtight, soft-rubber seal was made at the level of
the diaphragm, and a subatmospheric pressure of
70 mm Hg was maintained on the lower extremities
until the subject reported grayout. During this
time blood pressure, pulse rate, and the precordial
ECG were continuously monitored by an attendant
physician. The time in minutes until the subject
reported a dimming or reduction in his peripheral
vision was taken as the measurement of orthostatic
tolerance.

Exercise Tolerance

During the ambulatory-control period the speed
of the treadmill was adjusted so that the subject’s
heart rate reached a steady 180 beats per minute
in about 7 minutes. This same speed was then used
for all subsequent exercise-tolerance tests, and the
time in minutes to reach the steady heart rate of
180 beats per minute was taken as the measure-
ment of exercise tolerance.

Forearm Endurance

The aim of the forearm-endurance test was to
determine if the capability of a given muscle group
to perform anaerobic work would in any way be
altered by the deconditioning and subsequent arti-
ficial-gravity exposure. After the maximum strength
determination was made, a blood-pressure cuff was
then placed around the dominant arm and inflated
to 200 mm Hg. Once the cuff was inflated, the
subject squeezed the dynamometer every 2 seconds
to 50 percent of his maximum strength until the
ischemic pain became unbearable. The length of
time in minutes the subject could squeeze the dyna-
mometer every 2 seconds to 50 percent of his
maximum was taken as the measurement of fore-
arm endurance.

Maximum Strength

In the maximum strength test the subject was
asked to squeeze a hand dynamometer as hard as
he could with his dominant hand. The maximum
of three attempts was chosen as his maximum
strength, expressed in kilograms.

Procedure

The experimental procedure is outlined in table
1. During the ambulatory control period, a deter-
mination of the four fitness tests was made on each
of four days subsequent to the first. The control
period was followed by 7 days of water immersion
and bed rest. It was essential to document the de-
gree of this deconditioning, and the four tests were
performed once at the end of the deconditioning
period. Their degree of deconditioning having been
established, the four subjects were divided into
two groups of two subjects each. The subjects in
group I were kept actively walking in 1/6 g for
2.5 hours per day, while the group Il subjects
were exposed to 1/6 g for 2.5 hours per day, dur-
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TaBLE 1.—Length and Order of
Experimental Periods
Day Group I Group 11
1-5 Ambulatery control Ambulatory control
period period
6-13 Deconditioning Deconditioning
14 Test period Test period
15-21 Walking in 1/6 g for Motionless exposure to
2.5 hours daily 1/6 g for 2.5 hours
daily
22-24 Test period Test period
25-27 Deconditioning Walking in 1/2 g for
1/2 hour daily
28 Test period Test period
29-31 Walking in 1/2 g for | Walking in 1 g for
1 hour daily 1 hour daily
32 Test period Test period
33-35 Gradual ambulation Gradual ambulation
36 Test period Test period
37-50 Terminal ambulatory Terminal ambulatory
control control
51 Terminal test period Terminal test period

ing which they rested quietly or slept. At the end
of the 7 days the tests were repeated on the subjects
to determine any alterations produced by 1/6 g.
Following these determinations, the subjects pas-
sively exposed to 1/6 g were exposed to 1/2 g for
30 minutes per day for 3 days, during which time
they spent the entire half hour walking on the
wall of the centrifuge. Group I underwent further
deconditioning during the same 3-day period. The
results of further deconditioning of group I and
of the 1/2-g exposure of group Il were then mea-
sured. Group I then began walking in 1/2 g. Since
group II had failed to display significant recondi-
tioning in their 1/2-g exposure, the gravity level
was increased to 1 g and the walking time to 1
hour daily for 3 days. At the end of this time only
two of the tests were performed because forearm
endurance and maximum strength were both at
or above earlier control levels. Both groups then
started a period of gradual ambulation, after which
test results were again noted. The subjects were
then released to return to their routine activities
at a local university, After 2 weeks they returned
for one final determination of the four selected
parameters of physiological fitness.

RESULTS

In the experimental hypothesis two things were
held likely to occur. In the first case it was expected

that the water immersion and bed rest would have
substantially different effects on the four selected
parameters of physiological fitness. In the second
case it was similarly supposed that artificial gravity
would also have substantially different effects on
the same parameters, probably varying both in
time course and magnitude. The data obtained in
this probe largely support this hypothesis. Table 2
displays the actual endpoints as they were collected.
Since the endpoints of the four physiological para-
meters were not all expressed in the same units and
since the subjects all had different control values,
the changes induced by various g-exposures were
not readily comparable. If, however, the individual
endpoints were all expressed as percentages of
their particular control values, then the changes
induced by artificial gravity would be more ap-
parent. Figure 1 displays the four physiological
parameters expressed in terms of their control
values and plotted against increasing g-exposure.

Control

The mean control time in minutes until the sub-
ject reported grayout in the LBNP tank for the
four subjects on the first day of testing (day 2)
was 14.5 minutes, and this rose gradually to a mean
of 16.0 minutes on day 5 of the ambulatory-control
period. Earlier experience with the LBNP technique
in this laboratory has established that LBNP ex-
posure per se is a conditioning stimulus capable
of increasing orthostatic tolerance when used on
a daily basis. The need, however, to establish ac-
curate ambulatory-control baseline data necessi-
tated several repeated measurements, so that four
determinations were chosen to provide accurate
control data, with minimal conditioning having
taken place.

The mean time to endpoint in the exercise-toler-
ance test for the subjects during the 4-day ambula-
tory-control-test period was 5.52 minutes. This
mean fell from 6.89 minutes on day 2 (3 sub-
jects*) to 5.21 minutes on day 5 (4 subjects), the
first day having been used for familiarization. For
this test this is a common pattern; subjects usually
do slightly better initially and then plateau before
the effects of training become evident.

*Data for subject Da on second and third days net avail-
able because of technical failure of the treadmill,
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INCREASING “G* EXPOSURE

Ficure 1.—Composite plots of physiological fitness parameters versus exposure to gravitational force.

Although the endpoint of forearm endurance was
subjective, it was reasonably reproducible but
tended to increase readily with repeated determina-
tions. The mean of all four subjects for the 4-day
ambulatory-control-test period was 2 minutes. The
mean for the 4 subjects on day 2 (first day of test-
ing) was 1.70 minutes, and on day 5 it was 2.11
minutes.

The mean maximum strength of the four subjects
for the 4-day ambulatory-control-test period was
57 kg. On the first test day the mean was 60 kg,
and it fell to 56.5 kg by the fourth test day. These
small differences do not represent a particular trend
but reflect more the basic variation of the parameter.

Post-Deconditioning

Seven days of water immersion and bed rest con-
stituted the deconditioning period, and at the end
of this period there were variable alterations in
the four parameters of physiological fitness. In all
four subjects orthostatic tolerance was sharply re-
duced to about one half of the control value, with
a mean reduction of 57 percent. Previous experience
in this laboratory has established that this is near
the expected degree of deconditioning for a 7-day
exposure to this particular schedule of bed rest and
water immersion. (A 3-day exposure will typically
result in a modest reduction in orthostatic tolerance
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to 80 to 85 percent of control, while a 5-day de-
conditioning period will typically reduce orthostatic
tolerance to 60 to 70 percent of control. A 7-day
deconditioning period nearly guarantees a reduc-
tion of orthostatic tolerance to below 60 percent
of control.)

Exercise tolerance was sharply reduced in all four
subjects. The individual reductions ranged from 24
to 48 percent of control values, with a mean reduc-
tion of 40 percent of the initial ambulatory control
value.

Forearm endurance was slightly decreased in all
four subjects, with the mean of the four subjects
being 90 percent of the mean control value.

Maximum strength was in no way reduced by the
deconditioning period. The mean of the four subjects
was 108 percent of the mean control value.

Artificial-Gravity Exposure

The results from the two different experimental
procedures under the 1/6-g condition show that
there were apparent differences between the motion-
less and walking exposures. As compared to the
deconditioned level, orthostatic tolerance of the mo-
tionless subjects was not increased by artificial-
gravity exposure alone; yet when such exposure was
combined with slow walking, a substantial increase
was noted. One motionless subject displayed some-
what increased orthostatic tolerance while the other
showed decreased orthostatic tolerance, the resul-
tant mean being virtually equal to that at the end
of the deconditioning period. In contrast, both
walking subjects displayed increased orthostatic
tolerance so that the resultant mean rose to near
the control value. The same pattern to a lesser de-
gree was seen in the exercise-tolerance data, where
both motionless subjects displayed modest decreases
in exercise tolerance while both walking subjects
displayed modest increases. Forearm endurance and
maximum strength remained at control levels and
were seemingly unaffected by the artificial-gravity
exposure.

Since the two subjects who were motionless in
the 1/6-g exposure (group II) displayed a degree
of deconditioning equal to that at the end of their
first deconditioning period, no further decondition-
ing was necessary for them.

Inasmuch as the orthostatic tolerance of the two
subjects walking in 1/6 g had returned to near con-
trol values, it was necessary to decondition them
further. Following the measurements related to the
1/6-g exposure, these two subjects (group 1) were
returned to water immersion and bed rest for an
additional 3 days. Tests at the end of this period
indicated a degree of deconditioning almost equal
to that at the end of the first deconditioning period.

The next level of artificial gravity to be studied
was 1/2 g. The aim here was to explore two brief
exposures to determine the minimum exposure peri-
od necessary to develop clearly detectable improve-
ments in the deconditioned state. During the second
deconditioning period of group I, subjects S and Da
were engaged in walking for 1/2 hour daily for the
3-day period. There was no improvement in their
deconditioning after such exposure. By extending
the same 1/2-g exposure to 1 hour daily for subjects
R and Du, a significant improvement in orthostatic
tolerance was obtained, but exercise tolerance
clearly declined. In subjects S and Da who were ex-
posed for 1/2 hour daily in 1/2 g, orthostatic toler-
ance remained essentially the same as that displayed
at the end of the deconditioning period. Exercise
tolerance in the same two subjects decreased sharply
in one and remained substantially below the decon-
ditioning value in the other. The mean of the two
was now approximately 1/4 that of ambulatory con-
trol. In subjects R and Du, exposed to 1/2 g for 1
hour daily, orthostatic tolerance increased sharply
in both from about 60 percent of the control values
to almost 100 percent of the control values.
In contrast, exercise tolerance in the same two sub-
jects decayed to about 1/4 of ambulatory control
values, as in the two subjects exposed for 1/2 hour
daily. Forearm endurance and maximum strength
again remained at or over initial ambulatory con-
trols.

The next level of exposure was walking in 1 g
for 1 hour daily for 3 days for the group II subjects
only. This exposure produced significant improve-
ment in their orthostatic and exercise tolerance.
Orthostatic tolerance increased in both subjects to
a mean that was 3 percent higher than the control
mean. Mean exercise tolerance increased in both
subjects to 46 percent of the control mean. Fore-

arm endurance and maximum strength were not
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tested following 1-g exposure, since these values had
already reached control levels.

At this point in the experiment orthostatic toler-
ance, forearm endurance, and maximum strength
were all at or somewhat above control values; exer-
cise tolerance, however, was still significantly below
the controls. To estimate how much ambulation
would be necessary to return exercise tolerance to
near control levels, all four subjects were gradually
ambulated over the next 3 days. This procedure
increased the exercise tolerance in subjects R and
Du to 56 percent of control tolerance. In the other
two subjects, whose exercise tolerance was already
at 46 percent of the control after the 1-g exposure,
the 3 days of gradual ambulation failed to increase
this parameter; in fact, there was a decrease. Ortho-
static tolerance, forearm endurance, and maximum
strength, already at control levels, rose somewhat
over the 3-day gradual-ambulation period.

All four subjects were then released and asked to
return to the laboratory in 2 weeks for further test-
ing. No specific instructions were given as to the
level of their activity, but since all were nonathletic
college students, their activity levels were roughly
similar. At the end of 2 weeks of routine activity,
orthostatic tolerance, forearm endurance, and max-
imum strength were all up to control levels, but
exercise tolerance failed to return to the control
values. Mean orthostatic tolerance and maximum
strength were at 112 percent of the initial controls.
Forearm endurance had risen steadily throughout
the experiment and had a final value that was 128
percent of control. Two weeks of routine activity
increased exercise tolerance somewhat in three of
the four subjects, and the final mean tolerance of
all four subjects was 69 percent of the control
mean.

To summarize the results, forearm endurance and
maximum strength were relatively unaffected by
deconditioning and by the three levels of g-exposure.
Orthostatic tolerance was reduced to approximately
50 percent of control values by deconditioning and
was substantially improved by walking in simulated
lunar gravity for 2.5 hours daily for 7 days or by
walking at 1/2 g and 1 g for 1 hour daily for 3 days.
Exercise tolerance was also reduced to approxi-
mately 50 percent of control values by decondition-
ing but did not significantly improve with increasing
g-exposure. Walking in 1 g for 1 hour daily for 3

days raised exercise tolerance only a little above
the low produced by deconditioning. Two weeks of
routine activity after the artificial-gravity exposure
increased exercise tolerance to approximately 70
percent of the control value.

DISCUSSION

In the experimental hypothesis it was supposed
that the four parameters of physical fitness (ortho-
static tolerance, exercise tolerance, forearm endur-
ance, and maximum strength) would show different
effects of the deconditioning and subsequent arti-
ficial-gravity exposures. The results of this experi-
ment qualitatively support this hypothesis; however,
larger experiments will be necessary to quanti-
tatively define these differences.

It was quite apparent that forearm endurance
and maximum strength were unaffected by the
deconditioning regimen under the conditions of this
experiment. The additional amount of decondition-
ing necessary to reduce these variables significantly
is presently unknown, and the reason they should
remain unaffected is not clear. It is reasonable to
assume that these represented tasks utilizing rather
simple central-nervous-system involvement and that

- these simple mechanisms remained intact for the

limited deconditioning period of this experiment. It
is also possible that the subjects’ movements in bed
could have provided an adequate conditioning stim-
ulus for these muscles.

Orthostatic tolerance as measured in a lower-body-
negative-pressure tank was as predicted. The reduc-
tion of orthostatic tolerance through deconditioning
techniques similar to that described in this exper-
iment has been previously reported (refs. 11 to 14).
To our knowledge, however, this is the first report
on the use of artificial hypogravity to restore ortho-
static tolerance. In view of the 'primary importance
of gravity in stimulating orthostatic mechanisms,
it is not surprising that, after deconditioning, ortho-
static tolerance was readily returned to control levels
by modest artificial-gravity exposures. Walking in
1/6 g was more potent in restoring orthostatic tol-
erance than motionless exposure to 1/6 g. Other
investigators (refs. 6 and 15 to 17) have found that
exercise was not protective. The nature and degree
to which exercise augments artificial gravity in re-
tolerance remain

storing orthostatic important
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practical questions to investigate. Another inter-
esting aspect of the data concerns the clear increase
in orthostatic tolerance with repeated LBNP deter-
minations. This result suggests that LBNP could be
used on a repetitive basis as a means of restoring
such tolerance to some desired level. The recondi-
tioning potential of negative 40 mm Hg LBNP has
been reported (refs. 18 and 19), and experience in
this laboratory with various pressures up to negative
70 mm Hg suggests that this is indeed a technique
capable of restoring orthostatic tolerance to levels
well past ordinary 1-g controls.

Exercise tolerance as measured in this experi-
ment was sharply reduced by deconditioning. With
increasing g-exposure and even with ambulation in
1 g, it never returned to control values. The task of
efficiently running on a treadmill requires a complex
nervous-system response. The reduction in exercise
tolerance would appear to be central in origin, since
simple strength and endurance were repeatedly
shown to be at or above control values while exer-
cise tolerance continued to remain low. The exer-
cise-tolerance-test endpoint was a steady heart rate
of 180 beats per minute, and ordinarily this is a
measure of the ability to perform hard physical
work. If, however the deconditioning process would
centrally alter heart rate, then an apparent endpoint
might be reached long before the subject had truly
reached his maximal work capacity. It is also
reasonable that, since gravity has no proven pri-
mary role in the exercise response, reduced exercise
tolerance should not readily be affected by increas-
ing g-exposure alone. Rather, the reduced exercise
tolerance would be efficaciously restored by exercise
exposure of the magnitude employed in the exercise-
tolerance test. In this experiment, walking as a form
of light exercise did not appear very effective in
restoring the tolerance to hard exercise as in run-
ning on a treadmill. A related interfering factor is
the hypodynamic environment accompanying water
immersion and bed rest. In this design there is no
way of determining whether the reduction in exer-
cise tolerance is due more to the hypodynamic state
or to the simulated weightless state. There is some
evidence that the hypodynamic state may be more
responsible for the loss of exercise tolerance (ref.
20).

Answers to the questions raised by this experi-
ment would constitute a first estimate of what we

might realistically expect from artificial gravity
in space. To look at this more generally, the prob-
lem consists basically of two elements. Initially it
will be necessary to define the phenomenon of
gravity-sensitivity in physiological terms. Those
aspects of bodily functions that are altered by brief
or prolonged exposure to weightlessness must be
identified. Once they are identified, specific high-
resolution measurement techniques must be devel-
oped to establish  the
produced by increasing weightlessness exposure.
Once the physiological alterations of such exposure
and the related measurement techniques have been
defined, the second element consists of developing
methods to restore the gravity-sensitive systems to

accurately alterations

some desired level. Artificial gravity in some cases
may prove to be specific and quite efficacious in its
restoration of a parameter such as orthostatic toler-
ance; on the other hand, it may prove more non-
specific and less effective in the restoration of a
parameter such as exercise tolerance. Thus, many
other reconditioning techniques and countermea-
sures will have to be studied so that intelligent
tradeoffs may be made. Perhaps the most important
consideration regarding the combination of coun-
termeasures and reconditioning techniques is the
duration of the exposure to weightlessness. For
short trips in O g, such as shuttle runs to an orbital
lab or similar flights of hours’ or days’ duration,
no countermeasures will likely be necessary and
deconditioning will be allowed to proceed through-
out the flight. Singular reliance will be placed on
the rapid reconditioning occurring upon return
to Earth. For 0-g exposure in weeks, countermeas-
ures will probably be employed. These will be
aimed primarily at those aspects of 0-g adaptation
that occur in the first few days of exposure. How-
ever, again there will be substantial reliance on
the rapid reconditioning upon return to Earth.
For flights involving 0-g exposure in months, more
elaborate countermeasures will be necessary and
less reliance will be placed on reconditioning in
the 1-g environment upon return.” To consider
orthostatic tolerance, for example, LBNP could be
used as an in-flight conditioning technique to keep
such tolerance at a level lower than that displayed
in a 1-g environment but adequate to prevent any
irreversible alteration in orthostatic mechanisms.
For reentry, a g-suit could be used as a simple,
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effective countermeasure, and finally, the rapid
reconditioning upon return to the 1-g environment
could be used to boost the orthostatic tolerance
from the lower level maintained in space by LBNP
to “normal” levels appropriate for the 1-g field.
For flights involving weightlessness exposure of
many months’ duration, little reliance can be put
on the reconditioning upon return to a 1-g environ-
ment. As the number of elaborate countermeasures
and conditioning techniques expands to meet the
increasing duration of exposure to weightlessness,
they will consume an increasing amount of the
astronauts’ expensive time, and there will be a
point where the addition of artificial gravity will
represent the cost-effective solution. It is also here
that the difference in countermeasures and condi-
tioning techniques becomes critical. Countermeas-
ures provide immediate protection but do not alter
the physiological state of the involved parameter.
Conditioning techniques, however, fundamentally
alter the physiological state in the direction of
the normal 1-g functional state. For example, a
leotard or g-suit is an effective countermeasure
for orthostatic intolerance but does not fundamen-
tally modify the orthostatically intolerant state.
In contrast, LBNP is an effective reconditioning
technique capable of restoring the orthostatic
tolerance to where countermeasures might not
ordinarily be necessary. Finally, for flights of
years’ duration, the spacecraft will have to contain
all of the means to condition the crew to whatever
levels are deemed desirable, since there can be at
best minimal reliance on the reconditioning on
return to the 1-g environment.

The large amount of information needed for in-
telligent design of the various countermeasures
and reconditioning systems is currently not avail-
able and would be clearly useful to the engineering
community. To fail to begin to gather this informa-
tion will not significantly alter our immediate space
plans, but it could ultimately have the effect of
seriously limiting the duration of our space mis-
sions. Although on Earth we cannot truly escape
gravity for any significant length of time, simula-
tions of weightlessness and artificial gravity could
be useful in generating much of this information.

10.

11.

12.

13.

14.

15.

ol

REFERENCES

. TuLLon, N. M.; anp RomBEerc, B.: An Effect of Gravity

on Bone Development in Lambs. Nature, vol. 200,
1964, pp. 438-439.

. Wunber, C. C.; Briney, S. R.; Krar, M.; anp Skunc-

stap, C.: Growth of Mouse Femurs During Continual
Centrifugation. Nature, vol. 188, 1960, pp. 151-152.

. SmitH, A. J.; axp KeLLy, C. F.: Influence of Chronic

Acceleration Upon Growth and Body Composition.
Ann. N. Y. Acad. Sci., vol. 110, 1963, p. 410.

. GraysieL, A.; anp CLARK, B.: Symptoms Resulting

From Prolonged Immersion in Water: The Problem of
Zero G Asthenia. Aerospace Med., vol. 32, 1961, pp.
181-196.

. McCarLy, M.; anp Lawron, R. W.: The Pathophysio-

logy of Disuse and the Problem of Prolonged Weight-
lessness: A Review., AMRL-TDR-63-3. Aerospace
Medical Research Laboratories, Wright-Patterson Air
Force Base, Ohio, 1963.

. Variona, C.; Voer, F. B.; Carous, D.; SpENcer, W.

A.; aNp WaLTERs, M.: The Effects of Bedrest on Var-
ious Parameters of Physiological Function. NASA
CR-171 through NASA CR-184, 1965.

. Berry, C. A.: Status Report on Space Medicine in the

United States. Aerospace Med., vol. 40, 1969, pp. 762—
769.

. Berry, C. A.: Summary of Medical Experiences in the

Apollo 7 through 11 Manned Spaceflights. Aerospace
Med., vol. 41, 1970, pp. 500-519.

. McCarry, M.: Body Fluid Volumes and the Renal Re-

sponse of Human Subjects to Water Immersion.
AMRL-TR-65-115. Aerospace Medical Research
Laboratories, Wright-Patterson Air Force Base, Ohio,
1965.

Wuite, W. J.: A Space-Based Centrifuge. 1965 Status
Report. DAC-P-3436. Douglas Aircraft Company,
Santa Monica, California, 1965.

GRAVELINE, D. E.: Maintenance of Cardiovascular Adapt-
ability During Prolonged Weightlessness. Aerospace
Med., vol. 33, 1962, pp. 297-302.

Cravering, D. E.: anp BaLke, B.: The Physiologic
Effects of Hypodynamics Induced by Water Immer-
sion. SAM—60-88. School Aviation Medicine, Brooks
Air Force Base, Texas, 1960.

MiLier, P. B.; Jounsown, R. L.; axp Lams, L. E.:
Effects of Four Weeks of Absolute Bed Rest on
Circulatory Functions in Man. Aerospace Med., vol.
35, 1964, pp. 1194-1200.

TayLor, H. L.: HerscHEL, A.; Brozck, J.: anp Keys,
A.: Effects of Bed Rest on Cardiovascular Function
and Work Performance. J. Appl. Physiol., vol. 2, 1949,
pp. 223-237.

BirkuEAD, N. C.; BLizzarp, 1. I.; Issekurz, B., Jr.; AND
Ropaur, H.: Effects of Exercise, Standing Negative



SOME PHYSIOLOGICAL ASPECTS OF ARTIFICIAL GRAVITY 83

Trunk and Positive Skeletal Pressure on Bed-Rest-
Induced Orthostasis and Hypercalciuria. AMRL-TR-
66—6. Aerospace Medical Research Laboratories,
Wright-Patterson Air Force Base, Ohio, 1966.

16. Carous, D.: Effects of 10 Days Recumbency on the Re-
sponse to the Bicycle Ergometer Test. Aerospace Med.,
vol. 37, 1966, pp. 993-999,

17. Vocr, F. B.: Effect of Intermittent Leg Cuff Inflation
and Intermittent Exercise on the Tilt Table Response
after Ten Days Bed Recumbency. Aerospace Med.,
vol. 37, 1966, pp. 943-947.

18. Lamg, L. E.; anp Stevens, P. M.: Influence of Lower
Body Negative Pressure on the Level of Hydration
During Bed Rest. Aerospace Med., vol. 36, 1965, pp.
1145-1151.

19. McCaLrLy, M.; Piemme, T. E.; ano Murray, R. H.:
Tilt Table Response of Human Subjects Following
Application of Lower Body Negative Pressure. Aero-
space Med., vol. 37, 1966, pp. 1247-1249.

20. Lame, L. E.; Srevens, P. M.: anp Jounson, R. L.:
Hypokinesia Secondary to Chair Rest from 4 to 10
Days. Aerospace Med., vol. 35, 1965, pp. 755-763.



Effects of Visual Reference on Adaptation to Motion
Sickness and Subjective Responses Evoked By Graded
Cross-Coupled Angular Accelerations

JamEes T. Reason and Ercin Diaz
University of Leicester, England

SUMMARY

Three groups of 10 subjects each were exposed to stepwise increments of cross-coupled angular
accelerations in three visual modes: internal visual reference (IVR), external visual reference
(EVR), and vision absent (VA). The subjects in the IVR condition required significantly greater
amounts of stimulus exposure to neutralize their illusory subjective reactions. They also suffered
a greater loss of well-being and a more marked incidence of motion sickness than did subjects in
the EVR and VA conditions.

The same 30 subjects were reexposed to the same graded cross-coupled stimulation 1 week later,
This time, however, all the subjects were tested under only the IVR condition. All three groups
showed some positive transfer of adaptation, but only the IVR-IVR combination required signifi-
cantly fewer head motions to achieve the same level of adaptation on the second occasion. Taken
overall, however, the most efficient and least disturbing route to adaptation at the completion of
the second test was via the VA-IVR combination.

The aims of this study were twofold: first, to
examine how differences in the nature of the con-
current visual stimulation influence the rate of
adaptation to graded cross-coupled angular accele-
rations; and second, see how adaptation acquired
in one visual mode transfers to a different mode
when the quality and quantity of vestibular stimula-
tion are approximately the same in both conditions.

At a theoretical level, it was hoped that this
investigation would reveal something more about
the interaction of visual and vestibular inputs in
the production of motion sickness, and also that
it would provide further information about the
conditions under which adaptation acquired in one

situation will confer protection in another. At a

more practical level, this work was directed toward
the design of an adaptation schedule that was
sparing of both time and discomfort and that would
give residual protection against motion sickness in
a rotating environment.

The theoretical notions that prompted this inquiry

owe a great deal to the “conflict” theories of motion
sickness advanced by Lansberg (ref. 1), Steele (ref.
2), and Guedry (ref. 3). They were also derived
from the now extensive body of rescarch concerned
with the adaptive effects and aftereffects associated

- with displacement of the visual input by various

optical devices. As Guedry (ref. 4) pointed out, there
are a number of important similarities between
adapting to a distorted visual field and adapting to
vestibular distortions created by rotation and weight-
lessness. So compelling are these similarities, in fact,
that it is feasible to suppose we are dealing with
similar mechanisms of adaptation in both visual and
vestibular distortion.

The theory adopted here is concerned with
answering the question: What is the essential
qualitative nature of the stimulus that produces
motion sickness? Since symptoms occur in a wide
variety of circumstances, many different types of
sensory conflict are likely to be involved in its
production. It is suggested thal we can isolate six

87
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. basic conflict situations, subsumed under two major
classes of sensory rearrangement: (1) wisual-
inertial rearrangement (where the term “inertial”
includes both the vestibular and nonvestibular pro-
prioceptors), and (2) canal-otolith rearrangement.

Under natural conditions of self-propelled locomo-
tion, both pairs of receptors operate synergistically
to give us correlated information about spatial
orientation. But in the unusual force environments
engendered by passive motion, these harmonious
relationships can be disrupted to produce three
basic conflicts, which we can formulate on purely
logical grounds. If A and B represent portions of
normally correlated receptor systems (i.e., the
visual-inertial or canal-otolith systems), then these
three conflict situations can be described as:

Type 1: where A and B simultaneously signal
contradictory or uncorrelated information.
Type 2: where A signals in the absence of an

expected B signal.
Type 3: where B signals in the absence of an
expected A signal.

Each of these three conflicts in involved in both
visual-inertial and canal-otolith
Examples of the resulting six conflict situations in
which motion sickness is known to occur are shown
in table 1.

The theory rests on two basic premises. The

rearrangements.

first is that situations that provoke motion sickness
are characterized by a condition of “sensory rear-
rangement” in which the information signaled by
the vestibular system and other functionally related
receptors
proprioceptors) is at variance with the integrated
pattern of sensory inputs expected on the basis of
past experience. The second premise is that irrespec-
tive of what other senses are party to these con-

(i.e., the eyes and the nonvestibular

flicts, the vestibular system is always implicated,
either directly or indirectly, as in the case of
visually induced sickness. This also tells us some-
thing about the nature of the effective stimulus,
namely that it must involve a changing velocity
component.

The essential provocative conflict is considered
to be that between the current influx from the
various spatial receptors and what is stored from
previous transactions with the environment. Thus
it presumes the existence of a storage unit that

TaBLE 1.—Six Basic Types of Sensory Conflict that
Provoke Motion Sickness

Visual (A)- Canal (A)-
Type intertial (B) otolith (B)
Type I Visual distortion Coriolis vestibular
(A and B) experiments reaction
Vehicular transport
Type 2 Cinerama Caloric and electrical -
(A, not B) | Fixed-base car and stimulation
aircraft simulators
Type 3 hSwinging in closed | Rotation about Earth-
(B, not A) cabin horizontal axis
Travel without Counterrotating
external reference devices

retains the important informational characteristics
of previous inputs from the spatial receptors. Such
a “memory unit” would be compatible with
Sokolov’s “nervous model” (ref. 5), with Groen’s
“pattern center” (ref. 6), and with Held’s “correla-
tion storage” (ref. 7). A theoretical component of
this nature is essential to explain both the all-
important process of adaptation to an atypical
force environment, and its sequel, the phenomenon
of “mal de débarquement” or “land sickness” that
occurs when the previously typical conditions are
reinstated. Within this theoretical framework,
adaptation is seen as the gradual updating of the
contents of the neural memory store until they are
compatible with the prevailing sensory influx.
When the incoming sensory information and the
contents of the store are matched, the person can
be said to be adapted to his immediate environment
(refs. 8 and 9).

While visual-inertial rearrangements may exist
in isolation, it is clear that canal-otolith rearrange-
ments are likely to be complicated by the presence
of incongruous visual information, unless the eyes
are closed or covered. The purpose of the present
study was to investigate the effects of different types
of visual reference upon the type-l canal-otolith
conflict created by the cross-coupled stimulus. In
particular, it was concerned with the rate at which
healthy subjects adapt to incremental levels of
exposure.

Previous research indicates that vision may
either enhance or diminish the nauseogenic proper-
ties of a particular force environment, depending
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on the nature of the visual information. Fixating on
an Earth-stable reference tends to reduce susceptibil-
ity on swings (ref. 10) and on ships (ref. 11). But
when the gaze is restricted to the interior of a com-
partment that moves with the subject, the incidence
of motion sickness is greatly increased.

Three studies in the Pensacola slow rotation room
(SRR) have shown that cross-coupled angular
accelerations are less disturbing with the eyes
covered than when an unrestricted. view of the
illuminated interior of the device is permitted
(refs. 12 to 14). However, Guedry (ref. 15) found
that subjects engaged in visually presented prob-
lems were markedly less susceptible to ‘“canal
sickness” than subjects who executed the same head
movements without vision. This difference was
attributed to the fact that the vision-present condi-
tion involved heightened mental activity, which
prevented the subjects from concentrating on their
possible lack of well-being, a factor that is known
to be important in suppressing motion sickness (ref.
16).

The evidence with regard to the influence of
vision on vestibular habituation is complex and
often contradictory. It has been reviewed in detail
by Guedry (ref. 17). In general, the presence of
vision tends to facilitate adaptation to cross-coupled
angular accelerations, as judged by the develop-
ment of “conditioned compensatory reactions”
(ref. 17) and the perrotational diminution of the
Coriolis oculogyral illusion (ref. 12).

PROCEDURE

The investigation was in two parts, separated by
an interval of 1 week. In part I, each of 30 subjects
was randomly assigned to one of three conditions
of visual reference: (1) internal visual reference
(IVR), where the subject’s gaze was restricted to
the illuminated interior of the rotating device; (2)
external visual reference (EVR), where the subject
had a full view of the Earth-stable exterior of the
device; and (3) vision absent (VA), where the
subject was blindfolded. In all three conditions the
subjects executed the same prescribed 90° head and
trunk flexions to induce qualitatively and quantita-
tively similar cross-coupled angular accelerations.

In Part II, we examined how the adaptation
acquired under these different visual modes trans-

ferred to a single mode, that of IVR. Thus the sub-

jects carried out the same head motions as before
but under the same internal reference conditions.
This was to see whether adaptation to IVR could be
accelerated by previous exposure to the EVR and
VA conditions. Such a finding would have important
implications for the construction of an adaptation
schedule designed to give residual protection against
motion sickness (ref. 18).

METHOD

The major itein of apparatus consisted of the
enclosed, draft-proof rotating device depicted
diagrammatically in figure 1. The subject sat in a
cylindrical compartment 1.73 m high and 1.68 m
in diameter. The upper 1.22 m of this compartment
was enclosed in transparent acrylic which allowed
an unrestricted view of the exterior. This acrylic
window could also be screened by heavy curtains
running around the inside periphery of the com-
partment.

When the subject was in the upright position,
his head was alined with the axis of rotation.
Situated to the front, back, left, and right of him
were adjustable head pads. Located at convenient
positions near these pads were fixation targets
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CURTAIN —"] r LIGHT
RAIL
PERSPEX
WINDOW
BACK PAD™ | ARIABLE
SIDE PAD —_| OSITION
FRONT PAD —| BACKREST
HANDGRIP |
RESPONSE __|
BUTTON
| tFan
I
N—_————
./—_—_—-; =
BRAKE DRIVE
SYSTEM MOTOR

Ficure 1.—Diagram of rotating device (curtains omitted jor
clarity).
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designed to control the direction of gaze during and
after the head movements when the eyes were open.
They also provided a reference from which to judge
aparent visual motion.

The head and body motions were carried out in
response to taped instructions delivered through a
loudspeaker set into the roof of the compartment.
A fan, which circulated air within the compartment,
was set into the floor behind the subject, and a
number of light-masked ventilation holes were con-
structed in the roof. The noise of the fan, which was
continually in operation during the test runs,
effectively masked any slight auditory cues from
the bearings and drive system. The interior of
the device was illuminated by a 25-watt lamp placed
above and to the left of the subject.

Two handgrips were situated on either side of the
seat. The subject was instructed to maintain a firm
grip on these throughout the test runs. Micro-
switches (labeled “yes” and “no”) were mounted
on the handgrips to signal the presence or absence
of unusual sensations during and immediately after
each prescribed movement.

Techniques for measuring adaptation to incre-
mental levels of cross-coupled angular accelerations,
developed in earlier studies using the Pensacola
SRR, have been described in detail elsewhere (ref.
19). Essentially the same method was used in the
present experiment.

The head movements were grouped into sequences
of eight: the four down motions to each pad posi-
tion, plus the four complementary up movements to
the central upright position. In each movement the
head passed through 90°, using a combination of
trunk and neck flexion, and the taped commands to
move occurred at 4-second intervals. At the comple-
tion of each individual movement, the subject was
required to make a forced-choice detection judg-
ment. One of two alternative responses could be
made: either “Yes,” meaning that the subject had
detected some illusory or unusual sensation due to
the rotating environment; or “No,” meaning that
he was unaware of the effects of the cross-coupled
angular stimulus. At the end of each sequence the
subjects were asked to make a well-being or malaise
estimate on the basis of an 11-point category scale
developed in a previous study (ref. 20). The scale
ranged from 0 (“I feel fine”) to 10 (“I feel awful,

just like I'm about to vomit”). These ratings were

designed both to monitor the state of the subject
during the experimental run and to give an indica-
tion of the relative disturbance produced by each
visual mode.

Head motions were started at a rotational velocity
of 1 rpm in a clockwise direction and continued
until the subject had fulfilled an arbitrary adapta-
tion criterion of three consecutive sequences without
an affirmative response; that is, 24 discrete move-
ments without any detectable effects due to the

cross-coupled stimulus. When this criterion was

reached, the velocity was increased by 1 rpm, and
the whole procedure was repeated at the next
higher angular velocity. This continued until the
adaptation criterion was met at the terminal velo-
city of 6 rpm. When the final perrotational adapta-
tion criterion was met, the device was slowly de-
celerated to rest. Once stationary, the subject con-
tinued to make the same prescribed head motions
as before, terminating when the postrotational
adaptation criterion had been reached. These post-
run movements were designed to evoke postrota-
tionary sensations that are qualitatively similar to
the perrotational sensations, but of opposite sign

(ref. 19).

Thirty subjects completed both parts 1 and II,
ten subjects in each of the three conditions of
visual reference in part I. An additional five sub-
jects were tested but were unable or unwilling to
complete part I due to motion sickness.

All the subjects were male graduate students at
the University of Leicester. Their ages ranged from
21 to 34 years. Prior to the experiment, each sub-
ject filled out a motion sickness questionnaire (ref.
21), and a standardized medical history was taken
by the experimenter. The histories indicated that
all subjects were in good health and were not under
the influence of any medication at the time of the
experiment. Only five subjects reported a negative
history of motion sickness, and in none was there
any indication that this apparent immunity could
be attributed to a labyrinthine defect.

RESULTS
Part 1

Following the convention adopted in previous
studies (ref. 19), two measures of perrotational
adaptation were used: (1)the total number of affir-
mative responses elicited prior to the adaptation
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criterion at each step velocity; and (2) the total
number of sequences executed prior to the adapta-
tion criterion at each step velocity. Since the number
of affirmatives and sequences at each step velocity
was likely to be a complex function of the total
stimulus exposure up to that point, these cumula-
tive measures of adaptation were considered more
meaningful.

Figure 2 shows the mean cumulative totals of
affirmative responses plotted against angular velo-
city on logarithmic coordinates for each of the three
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FicurRe 2.—Mean cumulative totals of affirmative responses
elicited up to the adaptation criterion at each step velocity
in part I.

parts 1 and 11, analogous to that tor the adaptation
measures, is shown in table 3. Despite the positive
transfer of adaptation, the IVR-IVR condition in-
volved a greater overall decline in well-being than
either of the other two combinations.

The motion sickness symptomatology observed in
part II is summarized in tables 4a, 4b, and 4c. The
most obvious feature was the dramatic reduction in

visual modes. Each data point represents the
mean cumulative total of affirmative responses
evoked up to and including that particular velocity.
The most notable feature of these results is that the
IVR condition evoked about four times as much
subjective response as either of the other two visual
modes. Analysis of variance showed that these dif-
ferences were significant at the 1 percent level of
confidence.

A similar pattern of results is shown in figure 3,
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FicUure 3.—Mean cumulative totals of sequences executed up
to the adaptation criterion at each step velocity in part I.

for Parts I and Il Combined

Visual mode Rotational velocity, (rpm)

combination 1 2 3 4 5 6
IVR-IVR 0.2 0.4 0.5 1.0 1.0 1.5
EVR-IVR @ 0 0.1 0.2 0.2 0.6
VA-IVR 0 0 0 0.1 0.3 0.8

* Based on scale of 0 to 10; the higher the rating, the
greater the loss of well-being.
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where mean cumulative totals of sequences executed
prior to the adaptation criterion at each velocity
are plotted against rpm on logarithmic coordinates.
This measure gives an indication of the amount of
stimulation required to achieve adaptation, while
the mean cumulative totals of affirmatives, shown in

the greatest producer of sickness. Motion sickness
symptomatology, maximum malaise ratings, and
motion sickness questionnaire scores for each sub-
ject in each visual mode are shown in tables 2a, 2b,
and 2c.
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motion sickness reactions in the IVR-IVR group DISCUSSION

as compared to part I (see tables 2a, 2b, and 2c).
The EVR-IVR and VA-IVR groups, on the other

hand, showed only a slight increase in symptom-

atology as compared with part I.

TABLE 4a.—Summary of Motibn Sickness Symptom-
atology for IVR-IVR Group in Part 1]

Subj. Perrotational MS | Postrotational MS
HA PI,SWI (2) NS (1)

DA NS (0) SATI(2)

AN NS (0) NS (0)

AD NS (0) SAT (1)
CcO NS (0) SA T (2)

FA HA,SW1 (4) HA,SW I (3)
CR HA (1) HA, SWI (2)
CL SAI (1) NS (0)

McC NS (0) NS (0)

McG HA (2) HA (2)

See legend at end of table 2a.

TABLE 4b.—Summary of Motion Sickness Symptom-
atology for EVR-IVR Group in Part 11

Subj.| Perrotational MS Postrotational MS
LE SALPISWI(2)|NS (0)

CH SAT (1) SA I (1)

BA NS (0) PI(0)

PL SA I (1) SA L SWI, vomit (6) T
MO NS (0) NS (0)

RA NS (1) Sudden vomit (1) T
BR SALSWLPI3)|SAILSWLPI(5)
SO SAT (1) SAT (2)

PL NS (0) NS (0)

FO NS (0) SW I (1)

See legend at end of table 2a.

TaBLE 4c.—Summary of Motion Sickness Symptom-

atology for VA-IVR Group in Part 11

Subj.| Perrotational MS Postrotational MS
ow NS (0) NS (0)

TA NS (0) NS (0)

WA NS (0) SA T (2)

GR SA T (2) SAILLSWII (4) T
HA SAT (1) SAT (1)

LO NS (0) NS (0)

GL NS (0) NS (0)

RE NS (0) NS (0)

DA SA II (4) SAT (2)

BA SAILSWII (5) T

See legend at end of table 2a.

Effects of Visual Reference

The principal finding from part I was that the
IVR condition evoked considerably more subjec-
tive response and required greater stimulus exposure
to achieve adaptation than either the EVR or VA
condition. It is evident that this result cannot be
explained simply by the presence or absence of
vision, since the visual modality was involved in the
conditions that elicited both the most and the least
subjective response, i.e., the IVR and EVR treat-
ments, respectively. Clearly, an explanation of these
findings must include some consideration of the
nature of the visual information present in these two
modes. There appear to be a number of alternative,
although not mutually exclusive explanations along
these lines.

In the first place, we can consider the difficulty of
the detection task demanded of the subject and how
this was affected by the different conditions of visual
reference. It can be argued that the optimal detec-
tion conditions were present in IVR. The closed
curtain served two purposes. First, it eliminated
veridical motion cues from the exterior, thus pro-
moting the sensation frequently reported by subjects
that the device was tilting or lurching. They had no
cues to the contrary in IVR and, except to the
mechanically minded, the external appearance of
the device (unlike the Pensacola SRR) did not
this possibility. Second, the illuminated
interior of the curtain provided a sufficiently struc-

deny

tured surface to facilitate the perception of the
Coriolis oculogyral illusion.

Although the VA mode allowed no information
as to the true orientation of the body or the device,
it eliminated the Coriolis oculogyral illusion as the
basis of an affirmative response. However, this was
partly compensated for by a heightened perception
of apparent whole-body motion, i.e., the Coriolis
sensation.

Finally, there is good reason to believe that the
“noisiest” detection conditions prevailed in the EVR
condition. Even though the subject maintained a
device-stable fixation in this condition, there was
enough veridical information coming from the
stable surroundings to override his illusory sensa-
tions in the competition for his attention.

Although detectability factors probably made
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some contribution to the observed differences among
the modes, they by themselves fail to account for
the corresponding variation in well-being ratings
and motion sickness symptomatology. Part of the
greater discomfort reported in the IVR condition
is likely to be a function of the additional stimulus
exposure incurred in the longer process of adapta-
tion. But examination of figures 3 and 4 indicates
that well-being declined more rapidly over a given
stimulus exposure in the IVR condition that it did
in EVR or VA. This finding suggests that it was
the quality rather than the quantity of the IVR
stimulation that caused the disturbance.

Further support for this notion comes from the
fact that there were considerably more spontaneous
complaints about the unpleasant nature of the
stimulus in IVR than in the other two modes. The
alternative explanation, that the IVR subjects were
basically more susceptible than the other subjects,
founders on the finding that there were no sig-
nificant differences among the groups in their MSQ
scores (although it must be admitted that the aver-
age MSQ value for the IVR group was slightly
higher than in the other two groups).

Since stimulus exposure was a dependent and not
an independent variable in this experiment, it is not
possible to state categorically that IVR was intrin-
sically more nauseogenic than either EVR or VA.
But, as we have already seen, there are strong
grounds for believing that to be the case, and this
belief is further supported by previous studies (refs.
10 and 12 to 14). It seems, therefore, that an ex-
planation of the present findings must extend be-
yond the nature of the detection task and consider
the particular properties of the three visual modes.
In other words, we shall proceed on the assumption
that the differences in the total affirmative and total
sequence measures were not a detection artifact
but reflect genuine variation in the intensity of the
subjective reactions and the rates of adaptation in
the three visual modes.

Perhaps the simplest difference to explain is that
between the IVR and EVR conditions. In the latter,
the subject received visual information concerning
his true orientation from the exterior, and there is
ample evidence to show that a veridical visual
input will effectively suppress the preception of
illusory or inappropriate vestibular sensations (refs.
17 and 22). The almost complete absence of per-

rotational motion sickness during the rapid ascent
through the velocity steps also suggests that the
presence of veridical visual information either in-
hibited the nauseogenic properties of the Coriolis
stimulus or superseded it in the bid for central
recognition. Certainly the dominance of the visual
modality in establishing spatial orientation is likely
to play an important part in minimizing the unde-
sirable effects of the Coriolis reaction. In any event,
the findings indicate that the provision of external
reference is an effective way of reducing both
sickness and disorientation in a rotating environ-
ment, even when the subject maintains a device-
stable fixation point.

The difference between the IVR and the VA con-
ditions, on the other hand, may be accounted for
within the framework of the sensory-conflict theory
outlined in the introductory section. In both the
IVR and VA modes, a canal-otholith conflict of the
sort described by Lansberg (ref. 1) and by Guedry
(ref. 3) was present both during and immediately
after the head motion. But in IVR this was further
complicated by an additional visual-inertial conflict.
More specifically, we can say that in IVR a type-1
canal-otolith conflict coexisted with a type-3 visual-
inertial conflict, i.e., where the inertial receptors
signal motion in the absence of expected visual
corroboration; whereas the only disturbing charac-
teristic of the VA mode was the type-1 canal-otolith
conflict. The presence of the additional conflict in
IVR appears to have made a substantial contribu-
tion to its disturbing and nauseogenic properties.
It is also likely that it was responsible for the
greater intensity of the subjective reactions in this
mode (see fig. 3).

Finally in this context, an attempt must be made
to reconcile the results of the present experiment
with the opposite findings obtained in two previous
studies (refs. 12 and 15) where the IVR condition
promoted a greater degree of adaptation than the
VA condition. The first point to consider is that
the period of exposure to Coriolis accelerations was
much longer in the two earlier studies than in the
present investigation. Secondly, adaptation was
measured in the Guedry and in the Kennedy et al.
studies at discrete intervals, either comparing pre-
tests and posttests or sampling at predetermined
points in the perrotational period. In the present ex-
periment a continuous measure of response decre-

°
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ment was used. Thirdly, the nature of the adapta-
tion measures was different in each of the three
studies.

In the Guedry study (ref. 15), adaptation was
inferred from the decline in nystagmus following a
lengthy period of controlled head movement in the
Pensacola SRR. It is well known that the nystagmic
response, particularly that elicited by Coriolis
accelerations, can bear little or no relationship to
the strength of the subjective reactions which
formed the basis of the adaptation measurements in
the present investigation. Another feature of the
Guedry study was that the IVR condition was
associated with heightened mental activity, whereas
the VA condition was not. Since this apparently
played an important role in suppressing motion
sickness in the IVR group, it may also have in-
fluenced rate of adaptation.

The adaptation measure used in the studies by
Kennedy et al. (ref. 12) was the extent of the
Coriolis oculogyral illusion (OGI) at various
points throughout the period of rotation. To achieve
adaptation in practically all forms of sensory rear-
rangement, and certainly in the rotating environ-
ment, it is necessary to interact actively with the
atypical stimulus conditions (ref. 7). Thus it is
possible that subjects in the VA condition showed a
relatively small degree of adaptation as measured
by the Coriolis OGI because they had been pre-
vented from interacting with the unusual visual
properties of the situation. A measure of adaptation
that did not rely solely on the visual modality for
its expression might have shown a greater amount
of neutralization.

Transfer of Adaptation

Previous work has shown that adaptation to cross-
coupled angular accelerations is highly stimulus
specific and does not generalize readily to qualita-
tively different stimuli of the same magnitude. Thus
Guedry (ref. 17) found that adaptation acquired
through one direction of head motion in the SRR
did not transfer to head motions executed in a dif-
ferent quadrant.

The findings from part II provide further
evidence of the specificity of adaptation and indicate
that visual as well as vestibular factors are import-
ant in defining the circumstances under which

positive transfer will occur. The only occasion when

adaptation acquired in part I effected a significant
saving in the amount of stimulation required to
reach the same level of adaptation in part I was in
the IVR-IVR group, where the visual conditions
were identical in both cases. Furthermore, the sub-
stantial reduction in both symptomatology and loss
of well-being in this group during the part-Il ex-
posure suggested that considerable residual protec-
tion remained when the same conditions were
repeated 7 days later.

In both the VA-IVR and EVR-IVR groups, more
head motions were needed to reach the terminal
adaptation criterion in part II than in part I. In
addition, the unfamiliar visual conditions encoun-
tered in the part-Il exposure provoked a slightly
greater decline in well-being and somewhat more
symptoms than did the initial session. However, it
is important to note that, despite these differences
in visual mode, a certain degree of protective
adaptation was acquired during the part-1 exposure.
This is indicated by the fact that the VA-IVR and
EVR-IVR groups required less stimulation at a
smaller cost in sickness and loss of well-being to
reach the terminal criterion in part II than did the
IVR group in part I. In other words, their part-I
experience counted for something, although not so
much as it did for the IVR-IVR group.

The aim of this work was to provide recommen-
dations for the construction of an adaptation
schedule that would provide maximum residual
protection at the smallest cost in time and discom-
fort. At the completion of part II, all three experi-
mental groups had acquired the same degree of
adaptation under the same conditions of stimulation,
namely IVR. The important practical question is:
Which of these groups reached this destination
with the least expenditure of time and effort and
with the least discomfort enroute? The data shown
in tables 3 and 4 indicate that, despite the positive
transfer, the IVR-IVR combination was still the
longest and most troublesome route. In comparison
with this combination, both the EVR-IVR and
VA-IVR groups achieved significant savings in total
stimulus exposure, total subjective response, and
motion sickness symptomatology. The most effec-
tive combination was the VA-IVR modes where
there was a 50-percent saving in sequences and a
43-percent saving in affirmative responses compared

to the IVR-IVR combination.
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These findings suggest, therefore, that the same

degree of protective adaptation can be achieved
more quickly with smaller loss of well-being by a
combination of the VA and IVR modes than by the
IVR condition alone. It still remains to assess
whether the protection gained by the VA-IVR com-
bination persists for as long as that acquired by the
IVR condition alone; but, on a priori grounds, there
is no reason to expect any marked difference.

10.

REFERENCES

. LansBerc, M. P.: A Primer of Space Medicine. Elsevier,

Amsterdam, 1960,

. StEELE, J. E.: Motion Sickness and Spatial Perception.

A Theoretical Study. ASD TR 61-530. Aeronautical
Systems Division, Aerospace Medical Laboratory,
Wright-Patterson Air Force Base, Ohio, 1961.

. GUEDRY, F. E.: Conﬂictfng Sensory Orientation Cues as

a Factor in Motion Sickness. Fourth Symposium on
the Role of the Vestibular Organs in Space Explora-
tion, NASA SP-187, 1970, pp. 45-51.

. Guebry, F. E.: Habituation to Complex Vestibular

Stimulation in Man: Transfer and Retention of Effects
from Twelve Days of Rotation at 10 rpm. Percept.
Mot. Skills, vol. 21, monograph suppl. 1-V21, 1965,
pp. 459—481.

. Sokorov, E. N.: Neuronal Models and the Orienting

Reflex. The Central Nervous System and Behaviour,
M. Brazier, ed., J. Macy, 1960.

. GROEN, J. J.: Problems of the Semicircular Canal from

the Mechanico-Physiological Point of View. Acta
Oto-Laryngol., suppl. 163, 1960, pp. 59-66.

. Hewp, R.: Exposure History as a Factor in Maintaining

Stability of Perception and Coordination. J. Nerv.
Ment. Dis., vol. 132, 1961, pp. 26-39.

. REasoN, J. T.: Motion Sickness—Some Theoretical

Considerations. Intern. J. Man-Machine Studies, vol.
1, 1969, pp. 21-38.

. REason, J. T.: Motion Sickness: A Special Case of

Sensory Rearrangement. Advance Sci., vol. 26, 1970,
pp. 386-393.
MannING, G. W.; anp STEwART, W. G.: The Effect of

1L

12

14.

15.

16.

17.

18.

19.

20.

21.

22.

Position on the Incidence of Swing Sickness. Rep. Ass.
Comm. Av. Med. Res., NRC Canada, 1942.

CraremonT, C. A.: The Psychology of Seasickness.
Psyche, vol. 11, 1931, pp. 86-90.

Kexneoy, R. S.: TorHurst, G. C.; AND GRAYBIEL, A.:
The Effects of Visual Deprivation on Adaptation to a
Rotating Environment. NSAM-918. Naval School of
- Aviation Medicine, Pensacola, Fla., 1965.

. Reason, J. T.; axp Gravsmier, A.: Magnitude Estima-

tions of Coriolis Sensations. NAMI-1082, Naval Aero-
space Medical Institute, Pensacola, Fla., 1969.

GRAYBIEL, A.: Susceptibility to Acute Motion Sickness
in Blind Persons. Aerospace Med., vol. 41, 1970, pp.
650-653.

Guebry, F. E.: Visual Control of Habituation to Com-
plex Vestibular Stimulation in Man. Acta Oto-Laryn-
gol., vol. 58, 1964, pp. 377-389.

WenpT, G. R.: Vestibular Functions. Handbook of
Experimental Psychology, S. S. Stevens, ed., Wiley,
1951.

Guepry, F. E.: Psychophysiological Studies of Vesti-
bular Function. Contributions to Sensory Physiology,
W. D. Neff, ed., Academic Press, 1965, pp. 63-135.

GRrAYBIEL, A.: Structural Elements in the Concept of
Motion Sickness. Aerospace Med., vol. 40, 1969, pp.
351-367.

Reasown, J. T.; anp Graysier, A.: Progressive Adapta-
tion to Coriolis Accelerations Associated with l-rpm
Increments in the Velocity of the Slow Rotation
Room. Aerospace Med., vol. 41, 1970, pp. 73-79.

Reasox, J. T.; anp GraysIEL, A.: Changes in Subjective
Estimates of Well-Being During the Onset and Remis-
sion of Motion Sickness Symptomatology in the Slow
Rotation Room. Aerospace Med., vol. 41, 1970, pp.
166-171.

Reason, J. T.: An Investigation of Some Factors Con-
tributing to Individual Variations in Motion Sickness
Susceptibility. Flying Personnel Research Committee
Report No. 1277. Ministry of Defence (Air Force
Department), London, 1967.

DearnaLey, E. J.; Reason, J. T.; anp Davies, J. D.:
The Nature and Duration of After-Sensations follow-
ing the Cessation of Turning in a Chipmunk Aircraft.
Aerospace Med., vol. 33, 1962, pp. 1224-1229.



&

(5] N
| - Ky

- W
PRECEDING PAGE BLANK KOT FILMED

pﬂ

Perception of the Upright and Susceptibility to

e

Motion Sickness as Functions of Angle of Tilt and Angular

Velocity in Off-Vertical Rotation™

Earr F. MiLLER 1] and AsHTON GRAYEIEL
Naval Aerospace Medical Research Laboratory

SUMMARY

Motion sickness susceptibility of four normal subjects was measured in terms of duration of
exposure necessary to evoke moderate malaise (M IIA) as a function of velocity (2.5 to 45 rpm) in
a chair rotated about a central axis tilted 10° with respect to gravitational upright. The subjects
had little or no susceptibility to this type of rotation at 2.5 and 5.0 rpm, but with further increases
in rate, the MIIA endpoint was always reached and with ever shorter test durations. Minimal
provocative periods for all subjects were found at 15 or 20 rpm. Higher rotational rates dramatically
reversed the vestibular stressor effect, and the subjects as a group tended to reach a plateau of
relatively low susceptibility at 40 and 45 rpm. At these higher velocities, furthermore, the subjects
essentially lost their sensation of being tilted off vertical. In the second half of the study, the effect
of tilt angle was varied while the rotation rate was maintained at a constant 17.5 rpm. Two subjects
were completely resistant to symptoms of motion sickness when rotated at 2.5° off vertical; with
greater off-vertical angles, the susceptibility of all subjects increased sharply at first, then tapered
off in a manner reflecting a Fechnerian function. The marked changes in these measured responses
were attributed primarily to the macular organs being unnaturally stimulated by off-vertical rotation.

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 (refs. 1 and 2).
The effect is equivalent to holding the subject sta-
tionary in an upright position, with the ability to
rotate an acceleration vector 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. Theoretically, it 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 motion

*This study was supported by contract T-81633, Biomedi-
cal Research Office, Manned Spacecraft Center, and by order
143518, Office of Advanced Research and Technology,
NASA.

sickness susceptibility to otolithic stimulation and
one that complements those susceptibility tests in
which the semicircular canals are the primary or
the only otic structures involved (refs. 3 and 4).
Evidence from testing a few highly resistant sub-
jects indicated that a greater provocative effect was
derived from increasing the off-vertical angle from
10° to 20° at various rotational rates, but the rela-
tive change in effectiveness was not explored (refs.
1 and 2). With the initial method of grading sus-
ceptibility a schedule of ever-increasing rotational
rates was employed, which often unnecessarily pro-
longed the test duration and frequently caused a
very rapid rise in symptomatology when the ade-
quately stressful rate was finally reached (refs. 1
and 2). As a result, great care had to be exercised
to prevent the overshoot of a preselected endpoint,
a motion-sickness diagnostic criterion of mild sever-
ity (M IIA) (ref. 5). In addition, the original test
method  exposed the subject to periods of incre-
mental increases in the vestibular stressor level. Low

99
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levels of stressor stimulation were usually compen-
sated initially, and in the process might have served
as training toward increasing adaptation, an un-
desirable factor when determining baseline and
relative measurement of susceptibility among sub-
jects.

The purposes of this study were: first, to explore
the change in provocative effect of varying the rate
of rotation from 2.5 to 45 rpm about a slight (10°)
off-vertical axis; and second, by using a velocity
within the range of maximum effectiveness, to meas-
ure the relationship between motion sickness sus-
ceptibility and varying degrees of off-vertical tilt
up to 25°.

PROCEDURE

Subjects

Four young Navy enlisted men, ranging in age
from 19 to 21 years, who had demonstrated motion
sickness susceptibility to off-vertical rotation, vol-
unteered as subjects. Each was found to be healthy
by a comprehensive Navy medical examination,
given before his acceptance as a research subject,
and remained so during the experimental proce-
dure, as reported daily in his preexamination ques-
tionnaire (ref. 3). Functional tests of the semicir-
cular canals (ref. 6) and otolith organs (refs. 7
and 8) plus those of postural equilibrium (ref. 9)
proved further that these specific systems were
functioning well within normal limits.

Methods

A standard Stille rotating chair (model RS-3),
mounted on a motor-driven tilt base served as an
off-vertical rotation (OVR) chair (fig. 1). The
degree of tilt relative to the gravitational upright
was registered on a large protractor scale. The sub-
ject’s head was centered on the axis of rotation and
held rigidly against the headrest by adjustable straps
across his forehead. Seat belts further secured him
to the chair. His eyes were covered with a small
padded goggle which prevented vision but did not
interfere with the observation by the test conductor
of flushing, pallor, and sweating, which are most
clearly manifested on the face. 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 percent) dur-
ing the OVR test. The chair was then returned to

S 7
\

Ficure 1.—Diagram of apparatus used in off-vertical
rotation test.

upright and accelerated at 5°/s? until one of several
selected terminal velocities (2.5, 5, 10, 15, 20, 25,
30, 40, or 45 rpm) was reached. After no less than
60 seconds’ duration the chair was tilted at 5°/s to
a tilt position selected from among 2.5, 5, 7.5, 10,
15, 20, and 25 degrees. Off-vertical rotation was
continued until moderate malaise (M IIA) was
manifested or the time limit of 1 hour 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°/s%

Initially, the effect of the chair velocity in an
off-vertical position was tested by exposing each
subject to a random schedule of the listed test
velocities, while maintaining in each case a 10°
tilt of the rotational axis from upright. Each sub-
ject was tested twice, once in the clockwise and
once in the counterclockwise direction of rotation,
at each velocity. This procedure was followed by
one in which the same subjects were tested once at
each of the tilt angles, introduced in random order,
while rotating at a constant velocity of 17.5 rpm.
That value, based upon an ongoing analysis of
results from the first half of this study, was selected
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as representing the best estimate of a single rate of
rotation which would produce a nearly maximum
provocative effect. The scheduled order of presenta-
tion of each velocity and tilt angle was randomized
not only for each subject, but also among subjects.
Although the overt symptoms of M IIA quickly
disappeared, at least 24 hours separated the indi-
vidual trials.

RESULTS

Tolerance of subjects to off-vertical rotation as
reflected by the duration required to evoke M ITA
is plotted for the four subjects in figure 2 as a func-
tion of chair velocity (rpm). It was possible to
draw an average subject response curve (solid line)
only between 10 and 25 rpm, since the M IIA end-
point was not reached at the other velocities by all
subjects. This curve section, however, was extended
in an idealized fashion (dotted lines) in both direc-
tions in figure 2 to portray the marked general
changes in response throughout the entire range of
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Ficure 2.—Subjects’ motion sickness susceptibility measured
in terms of duration of off-vertical (10°) rotation required
to reach the test endpoint (malaise IIA or 60 minutes) as
a function of rotational rate (rpm).

test velocities. SC, the most susceptible subject,
reached the endpoint criterion (M IIA) with an aver-
age of 43 minutes’ exposure at 5 rpm but remained
symptomless throughout the 1-hour maximum test
period at 2.5 rpm. At 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 to 10 rpm evoked the endpoint in all
subjects, three within 20 minutes. An even greater
provocative effect was found at 15 rpm, with all
subjects manifesting M IIA within 15 minutes’
exposure. The provocative effect, however, could
not be enhanced substantially by greater rates of
rotation, and in fact at 25 rpm the stressor effect
appeared to be lessened. This trend continued while
progressing from 30 to 45 rpm. Increasingly longer
durations were required to evoke the endpoint,
which was not always reached even in the most sus-
ceptible subject (SC).

The subject’s impressions of bodily movement 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 rota-
tion. That is, his head seemed to be moving in a
circular path centered on the rotational axis and to
be directed always essentially in the same compass
direction. At rates below 30 rpm, the subjects re-
ported a smooth revolving bodily movement that
generated an inverted cone; the base was traced by
the head, and apex usually was located within the
area of contact with the chair seat. At a rate of 30
rpm, all subjects felt tilted to some extent, as with
the slower rates, but complained that this rate pro-
vided substantially “the most difficult ride,” with a
more pronounced sensation of rocking front to back
or side to side as compared to the lower or higher
rates. At rates higher than 30 rpm, all subjects
began to lose their feeling of being 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, mea-
sured in the same terms as figure 2, as a function
of the off-vertical angle of tilt 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 angles,
the provocative effect of rotation increased drama-
tically at first, then leveled off.
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Ficure 3.—Subjects’ motion sickness susceplvibility measured
in terms of duration of a constant rotational rate (17.5
rpm) required to reach the test endpoint (malaise IIA or
60 minutes) as a function of off-vertical placement of the
rotational axis.

DISCUSSION

The sweep of the rotating linear acceleration vec-
tor (RLAV) stimulated all gravireceptors, but the
provocative effect of the RLAV was probably pri-
marily 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 maintained while the angle of
incidence of the RLAV with respect to the subject
varied with the degree of tilt.

The remarkable decrease and subsequent increase
in tolerance that resulted from step increases in off-
vertical rotational rate provided another example
of the importance of the frequency as well as the
intensity and pattern of the stimulus in the produc-
tion of motion sickness. Wendt (ref. 10) found, for
example, that a medium-frequency linear wave mo-
tion 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 con-
ditions were approximated, and, as expected, most
subjects experienced little or no vestibular stress
effect. With moderate rates all subjects were found
to be susceptible, and their susceptibility over a
narrow span of velocities increased precipitously to
a critical value. With higher rotational velocities
the paradoxical increase in tolerance to off-vertical
rotation was found. The slight increase in the pro-
vocative 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 may indicate the possible
contribution of nonotolithic proprioceptors that
were also stimulated by the RLAV. It is noteworthy,
however, that the most susceptible subject (SC),
who reached the M IIA endpoint even at 5 rpm,

was symptom free at 30 and 45 rpm.
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Ficure 4.—Linear relationship between duration of exposure
required to evoke malaise 114 and logarithmically scaled
off-vertical position of axis for constant rotation at 17.5
rpm.
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Figure 4 displays on a logarithmic base the re-
sponse data of figure 3 within the range of off-
vertical angles that was found effective in evoking
M IIA in all subjects. The excellent empirical fit of
these data with a straight line indicates that the
stressor value of a relatively low constant speed
(17.5 rpm) varies directly with the axis tilt angle
in accordance with Fechner’s Law. The nonotolithic
receptors, which are also responsive to these experi-
mental conditions, represent secondary stressor in-
fluences since they, per se, cannot evoke motion
sickness (refs. 2 and 4). The primary genesis of the
changes in the provocative effect as a function of
off-vertical displacement of the rotational axis
(RLAV angle) must therefore be vestibular. More
specifically, this effect very likely involves the
bizarre activity of cilio-otolith elements, which
would tend to respond slavishly to the ever-changing
direction of the acceleration vector sweep. If such
otolithic activity is the basis for the Fechnerian
function found, then it would follow that the change
in stressor effect that occurs with simply a shift in
off-vertical rotational position (at least within the
range tested in this study) would be dependent upon
the integrated change in the amount of deformation
of the macular sensory hairs, coded in logarithmic
terms, in response to the constant dynamic pattern
of stimulation.
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Brain Blood-Flow Changes During Motion Sickness

WaLTER H. JounsoN and JouN HSUEN
University of Toronto

SUMMARY

Speculation as to the possibility of diminished blood flow in the brain as one of the factors
resulting from an increase in skeletal muscle blood volume concomitant with other characteristics
of motion sickness led to the present investigation. Thermistors were implanted in the thalamus of
dogs and blood-flow changes recorded while they were subjected to sinusoidal movement on a two-
pole swing. Results of these initial steps in a proposed long-term project of exploring different

areas of the brain are presented.

INTRODUCTION

The well-recognized signs of motion sickness
(cold perspiration, yawning with sleepiness, saliva-
tion, hyperventilation, skin color changes, nausea,
and sometimes vomiting) are undoubtedly indica-
tive of extensive internal alterations of the normal
physiology, resulting in a generalized feeling of
malaise. Of these, skin pallor is consistently recog-
nized as a prominent symptom, although recent
work by McClure (personal communication) in-
dicates that it is more correctly associated with the
later stages of nausea. In any case, because of the
autonomic activity associated with motion sickness,
various investigators have attempted to correlate
susceptibility with cardiovascular changes (refs. 1
to 4). Although such studies have failed to establish
any significant relationship, skin pallor undoubtedly
results from extensive blood-volume redistribution,
a conclusion which became evident when attempts
were made to quantify the cutaneous effects by
venous occlusion plethysmograph techniques (ref.
2). These latter studies also included a comparison
between susceptible and nonsusceptible subjects in
regard to pulse rate and blood pressure, using
various methods including that of direct arterial
puncture. It is the object of this presentation to
review our preliminary findings and to hypothesize
as to possible consequences.

METHODS AND RESULTS

Full details of the venous occlusion plethysmo-
graph procedure have been presented previously
(ref. 2), and the significant findings can be. sum-
marized as follows:

Motion-sickness-susceptible ~subjects demon-
strated increased forearm blood flow with the
onset of nausea, the degree of which correlated
with the severity of the symptoms. In fact, it
was often possible by observing the blood-flow
increase to predict a signal from the subject
that he would soon vomit if the stimulation
continued.

Simultaneous measurements showed that the effect
involved both forearms and legs. This fact indicates
that such volume changes are widespread and may
well involve all skeletal masculature.

In general terms, an increase in blood flow
through one part of the body must be compensated
either by decreased blood flow elsewhere or by an
increase in cardiac output; otherwise, reduced
arterial blood pressure will result. The human fore-
arm is 85 percent muscle by volume, and skeletal
muscle represents 50 percent of the total body mass.
If one can assume that the blood flows of the fore-
arm and calf are representative of the total body
muscle blood flow, then a slight increase in these
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flows must be compensated by a prompt substantial
cardiovascular adjustment if normal blood pressure
is to be maintained. Since there is little or no appar-
ent change in blood pressure or in the heart rate con-
comitant with increased flow, in order to maintain
this blood pressure it may well be that an increased
vasoconstriction in other regions of the body results.
That this occurs is evidenceéd by the marked pallor
characteristic of sick subjects. However, even the
total cessation of skin blood flow would account for
only a small part of the two- to threefold increase
that occurs. This led us to speculate as to the pos-
sibility of diminished blood flow in the brain as
-one of several contributing factors. Certainly some
physiologic evidence exists for such impairment as
evidenced by the symptoms of yawning, sleepiness,
and malaise, to name a few.

To investigate this possibility, attempts were made
to implant sensors directly into vascular areas of
the brain. Dogs were chosen because of their known
susceptibility to experimentally produced motion
sickness. Appropriate stimulation was induced by
the sinusoidal movement of a two-pole simple swing
(radius 4 m, arc 80°, and frequency 20 cpm) sus-
pended from the ceiling of the laboratory. The
effectiveness of this procedure is evident from the
fact that it induced vomiting within 30 minutes in
seven of the eight dogs used. A special jacket and
harness maintained the dog in the standing position
and so assured freedom of head movement, a neces-
sity for appropriate vestibular stimulation.

In order to record blood-flow changes, a ther-
mistor was implanted into the thalamus (a highly
vascular area of the brain) with the aid of a
stereotaxic device.

In the first dog tested, at the start of swinging the
brain temperature fell progressively, starting from
the time of onset of excessive salivation. The final
minimal level was maintained for 3.5 minutes, and
then there was a sudden and definite rise in tem-
perature (decrease in blood flow) immediately prior
to and at the onset of vomiting. The swing was then
stopped, and the brain temperature gradually re-
turned to its original baseline. The sequence of
these changes (excluding return to baseline) is
shown in figure 1.

This experiment was repeated on another dog
with the thermistor implanted into the thalamus as
before and the dog subsequently subjected to swing-
ing. On this occasion, salivation resulted, but no

vomiting occurred. The temperature of the thalamus
dropped somewhat at the time of salivation. These
results are shown in figure 2.

This dog was retested 5 days later, and on this
occasion both salivation and vomiting resulted (fig.
3). When the first symptoms indicating the onset of
nausea appeared, the temperature of the thalamus
dropped as before. After the vomiting, the brain
temperature increased somewhat, although the
change was not so marked as in the first animal
(cf. fig. 1). There is evidence to indicate, however,
that the first dog was more susceptible.

The use of a thermistor in these experiments
involved measurement of change in resistance of the
implanted sensor resulting from alteration in tem-
perature at the location chosen. Another procedure
that could be used to measure blood-flow changes
consists of the implantation of a thermocouple.

CONCLUSIONS

From the recordings obtained thus far, the brain
vascular changes accompanying motion sickness

SWING ON VOMITING
SALIVATION SWING
DECTEASE i ° { OFF
ZERO LIN/\/_/_\
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Ficure 1.—Temperature recording with thermistor implanted
in brain (thalamus) of male dog. Decrease in temperature
indicates increase in blood flow.
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Ficure 2.—Recording from thermistor implanted in brain
(thalamus) of second male dog.
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Ficure 3.—Repeat recording of second dog.
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appear to consist of an initial increase in flow with
the onset of symptoms (salivation), followed by a
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- Anti-Motion-Sickness Therapy*

CHARLEs D. Woop
Shreveport Medical School

. Louisiana State University

SUMMARY

Neither alterations in environmental temperature nor moderate intake of alcohol was found to
alter susceptibility to motion sickness in subjects exposed to rotation in the Pensacola slow rotation

room.

Scopolamine with d-amphetamine was found to be the most effective preparation for the prevention
of motion sickness under the experimental conditions of the studies reported here. Promethazine in

combination with d-amphetamine was in the same range of effectiveness. Drug actions suggest that
acetylcholine and norepinephrine may be involved in motion sickness.

INTRODUCTION

In the fourth of this series of symposiums, the
possible mechanisms of motion sickness and factors
influencing susceptibility to it were reviewed by
such authorities as Wendt, Johnson, Steele, and
Sjoberg. It is sufficient to state here that a number
of factors have been suggested which may alter
susceptibility to motion sickness. A partial list of
these factors includes temperature, alcohol, drugs,
radiation, weightlessness, altitude, fever, psycho-
logical factors, and habituation (refs. 1 to 3).
Various toxic and pathological conditions, espe-
cially those involving the liver, kidneys, or gastro-
intestinal tract, also may lower the threshold. There
is scientific evidence that some nausea-producing
conditions will summate with vestibular stimulaton
to make an individual more prone to motion sick-
ness (ref. 4). The effectiveness against motion
sickness of a large number of substances, as demon-
strated by individual case reports in the literature,
may be influenced by one or more of the above-
mentioned factors. For example, several vitamin
preparations have produced favorable results in

*This study was carried out at the Naval Aerospace Medi-
cal Research Laboratory, Pensacola, Florida, under the spon-
sorship of the Office of Advanced Research and Technology,
NASA.

individual cases; however, when these preparations
were tested under scientifically controlled condi-
tions on large populations, they were found to be
ineffective (refs. 3, 5 and 6). It is possible that
some factor may be decreasing the threshold for
nausea and that these preparations have produced
their favorable effects by an indirect effect rather
than a direct effect on motion sickness.

TESTS

Alcohol has long been associated with motion
sickness. Overindulgence certainly can produce nau-
sea and is also suspected of diminishing resistance
to motion sickness. Smaller doses of alcohol have
been reported to increase vestibular sensitivity and
to produce nystagmus. Fregly and Graybiel have
demonstrated loss of ability to walk on a rail in the
acute phase of alcohol intoxication (ref. 7). Since
alcohol is a central depressant that appears to affect
vestibular activity, it was used to investigate its
effect on susceptibility to motion sickness in the
slow rotation room (SRR).

Eight subjects were given doses of 86-proof (43-
percent alcohol) vodka in orange juice in amounts
of 0, 0.2, 0.3, and 0.5 ml/kg body weight. These
doses were calculated to produce an approximate
blood alcohol level of 0, 40, 60, and 100 mg%.

The alcohol was given on an empty stomach, and
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the subjects were given a 30-minute rest period to
assure maximum absorption before being subjected
to rotation. The effectiveness of the alcohol on sus-
ceptibility. to motion sickness was measured by the
number of head movements tolerated. The results
are shown in table 1.

This investigation indicates that a moderate in-
take of alcohol has little if any effect on susceptibil-
ity to motion sickness. There was no significant
difference produced by any of the doses of alcohol.
This one small study indicates that, unless the
alcohol itself produces nausea, moderate amounts
of alcohol have little effect on the development of
motion sickness. Numerous “independent investiga-
tors” can attest to the fact that the effects of expo-
sure to motion on the morning after a period of
overindulgence will produce an increased sensitivity
to motion sickness.

Another factor that has been investigated is en-
vironmental temperature. In our project, subjects
were exposed to three conditions: 15.5 °C with
relative humidity of 50 percent, 23.3 °C with rela-
tive humidity of 60 percent, and 35 °C with relative
humidity of 90 percent. Each subject was exposed
to these conditions for a period of from 10 to 45
minutes while he performed head movements at his
baseline speed of rotation. The results indicated no
significant difference in sensitivity to motion at any
of these temperature (fig. 1). The structures con-
cerned with development of motion sickness are in
the body-core-temperature areas. The temperature
regulatory mechanisms of the body effectively pre-
vent changes in the internal temperature. Prolonged
exposure to high temperatures is required to elevate
the body-core temperature. Fever is suggested as a
factor that increases susceptibility to motion sick-
ness, although the reports in the literature furnish
no support for this proposition. This study confirms

TABLE 1.—Effects of Moderate Doses of Alcohol on
Susceptibility to Motior Sickness

Vodka/kg body
weight 0 0.2 ml 0.3 ml 0.5 ml
SRR sequences 14 18 16 16
tolerated
Best response 3 2 1 2
Approximate blood 0 40 mg% | 60 mg% | 100 mg%
alcohol

125
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Ficure 1.—Effect of environmental temperature on
susceptibility to motion sickness.

a previous report (ref. 8) that environmental tem-
perature is not a factor in susceptibility to motion
sickness; however, effects of exposure to tempera-
tures high enough to alter the body-core tempera-
ture were not determined.

PREVENTION AND TREATMENT

The treatment of motion sickness after it has
developed is very difficult to assess. Therefore, few
definitive studies on the therapy of motion sickness
are available. Most of the current treatments are
reasonably based on the drugs demonstrated to be
effective in preventing the development of motion
sickness. The oral route is, of course, ineffective
due to the vomiting; however, benefit has been
reported from injections or rectal suppositories.

A number of drugs have been tested against mo-
tion sickness in the SRR (refs. 9 and 10). The
relative effectiveness of these drugs is shown in
figure 2. Many drugs are known to produce nausea
and, therefore, possibly could increase susceptibility
to motion sickness. Morphine and apomorphine ap-
parently act on the chemoreceptor trigger zone by
blocking cholinesterase, the enzyme that breaks
down acetylcholine. Morphine has been reported
by Rubin and Winston (ref. 4) to increase suscep-
tibility to motion sickness produced by rotation in
a Barany chair; the nausea-producing stimuli thus
appeared to summate. Dramamine (100 mg) was
reported to be effective in preventing the develop-
ment of this nausea. Physiostigmine is another drug
that protects acetylcholine in the central nervous
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112 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION
system and may produce nausea by allowing it to RETICULAR
ACTIVATING

increase in the vomiting center.

There is considerable evidence that the neurons
involved in vestibular reactions are mediated by
acetylcholine (refs. 11 to 13). The drugs that block
acetylcholine centrally, such as scopolamine, are
the most effective drugs for prevention of motion
sickness (refs. 3, 5, and 6). Promethazine, the
second most effective single drug, has strong central
anticholinergic activity and, as a group, the anti-
histamines are known to have a definite “atropine-
like” effect. This central anti-cholinergic activity of
the antihistamines is illustrated by the work of
Himwich and colleagues with unilateral injections
of diisopropylfluorophosphate (DFP) into the cere-
bral circulation (ref. 14). DFP is a strong blocker
of cholinesterase, and the forced circulating pro-
duced by the accumulation of acetylcholine in the
nervous system was prevented by antihistamines
with strong central anticholinergic activity. Anti-
histamines with weak anticholinergic action failed
to block this reaction. They were also ineffective
against motion sickness, while those of the stronger
group were effective (ref. 6). This evidence indi-
cates that acetylcholine is important in vestibular
reactions and motion sickness. v

The area of the brain-stem reticular system adja-
cent to the vestibular nuclei and vomiting center
(fig. 3) has been demonstrated to be involved with
vestibular impulses (refs. 15 to 19). This area of
the reticular system and the vestibular nuclei has
been shown to contain neurons that respond only to
acetylcholine, intermingled with others that are
responsive only to norepinephrine (refs. 20 to 23).

There is fairly- general acceptance of the role of
acetylcholine and the parasympathetic system in the
development of motion sickness. As mentioned
above, cells responsive to norepinephrine also ap-
pear to be involved (refs. 24 to 28). Tang and
Gernandt (ref. 29) have reported strong sym-
pathetic responses resulting from electrical activa-
tion of the vestibular nerve. A number of drugs
involving central sympathetics and norepinephrine
have been tested for effects on motion sickness. The
drugs that block sympathetic activity and norepi-
nephrine, such as the phenothiazines and rauwolfia
have been reported to increase susceptibility to mo-
tion sickness (ref. 6). This was also true of phen-
oxybenzamine, which is a sympathetic blocking

SYSTEM \

VENTRICULAR —__
NUCLEI

VESTIBULAR
RECEPTORS

CHEMORECEPTOR —
TRIGGER ZONE

VOMITING /

CENTER

Ficure 3.—Spatial relationship of the vomiting center and
chemoreceptor trigger zone with the reticular activating
system.

agent with central activity (ref. 10). Drugs that
activate the sympathetic system, such as amphet-
amine, have been reported to protect against the
development of motion sickness (ref. 9). In our
research, d-amphetamine was equal in effectiveness
to the midrange of the antihistamines, and ephedrine
was somewhat less effective (ref. 10).

The combination of a drug that blocked acetyl-
choline centrally with a drug that enhanced norep-
inephrine activity produced the most -effective
antimotion sickness preparation. This combination
was d-amphetamine 10 mg with scopolamine 0.6
mg. (The anti-motion-sickness drug used on the
Apollo 11 flight was one-half this dosage.) Prome-
thazine 25 mg with d-amphetamine 10 mg was only
slightly less effective. When ephedrine was sub-
stituted for d-amphetamine, the effectiveness di-
minished; it was still well above those of the
individual drugs, however. These results suggest
that both the acetylcholine and norepinephrine sys-
tems are involved in motion sickness.

The SRR provides an excellent laboratory setting
for observing the waxing and waning of symptoms
as motion sickness develops (ref. 30). The subject
miay flush, then become pale; his mouth may become
dry, or there may be an increase in salivation;
stomach awareness may build up and diminish two
or three times before motion sickness develops.
Both sympathetic and parasympathetic reactions are
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seen as motion sickness develops. (They may be
byproducts of the central activation of acetylcholine
and norepinephrine.)

The fact that the same drugs are effective against
Parkinsonism and against motion sickness has often
been discussed. The current theory that Parkinson-
ism results from an imbalance between dopamine
and acetylcholine suggests a similar mechanism for
motion sickness. Our drug study results suggest
that the balance between acetylcholine and norepi-
nephrine may be involved in motion sickness.

CONCLUSIONS

Of the preparations currently available for pre-
vention of motion sickness, the antihistamines ap-
pear to be the most satisfactory for mild conditions,
such as automobile or commercial air travel. Ex-
posure to more extreme conditions, such as at sea,
would indicate scopolamine, promethazine, or the
combination of either of these drugs with d-am-
phetamine (refs. 31 and 32). The combination of
scopolamine with d-amphetamine was consistently
the most effective preparation tested in our inves-
tigations. Recently, promethazine with amphetamine
was tested, and it proved to be in the same range of
effectiveness. Because it has fewer disturbing side
effects, it may prove to be more useful than the
combination containing scopolamine. The hypnotic
effect of promethazine may aid sleep if it is given
without the amphetamine. Very susceptible indi-
viduals may require the more potent preparations
even for mild conditions; however, it is well to
remember that these drugs only raise the threshold
for development of motion sickness and do not
prevent it entirely in extreme conditions.
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Artifacts Produced During Electrical Stimulation
of the Vestibular Nerve in Cats

PEr CHiN Tane
Naval Aerospace Medical Research Laboratory

SUMMARY

Evoked potentials from various somatic and autonomic outflows have been reported as being
elicited by electrical stimulation of the vestibular nerve. Evidence is presented to indicate that
evoked potentials in the recurrent laryngeal, the cervical sympathetic, and the phrenic nerve, com-
monly reported as being elicited by vestibular nerve stimulation, may be due to stimulation of
structures other than the vestibular nerve. Experiments were carried cut in cats decerebrated by
midbrain electrocoagulation, immobilized with Flaxedil, and maintained with artificial ventilation.
Electrical stimulation was applied either through bipolar straight electrodes thrust against the wall of
the vestibule in contact with the vestibular nerve (the technique commonly used for vestibular nerve
stimulation) or through bipolar curved electrodes suspending the nerve above the bone with a new
technique of isolating the nerve for stimulation while avoiding stimulation of the bone. Following
transection and sealing of the cochlear and the vestibular nerves at the orifice of the internal
auditory meatus, stimulation of the wall of the vestibule or any other part of the petrous bone
continued to evoke potentials in the recurrent laryngeal and the cervical sympathetic nerves, indicat-
ing that the afferent impulses that evoke these potentials must be originating from structures other
than the cochlear or the vestibular nerve. Stimulation of the suspended vestibular nerve failed to
elicit these responses, indicating that the vestibular input cannot be responsible for these evoked
potentials. Stimulation of the suspended vestibular nerve in nonparalyzed cats produced conjugate
eye movements, indicating that the isolated vestibular nerve was not damaged during the dissection
to free it from the bone. Thus, these findings indicate that stimulation of the petrous bone and not
that of the vestibular nerve is responsible for the genesis of evoked potentials in the recurrent
laryngeal and the cervical sympathetic nerves. The phrenic response to electrical stimulation ap-
plied through bipolar straight electrodes appears to be the result of stirnulation of the facial nerve
in the facial canal by current spread along the petrous bone, since stimulation of the suspended
facial nerve evoked potentials only in the phrenic nerve and not in the recurrent laryngeal nerve.
These findings indicate that autonomic components of motion sickness represent the secondary reac-
tions and not the primary responses to vestibular stimulation.

INTRODUCTION

The somatic and autonomic responses to electrical
stimulation of the vestibular nerve are very exten-
.sive. Vestibular-evoked potentials have been ob-
served in the radial nerve and the ventral roots
(ref. 1), in the oculomotor nerve and the reticular
formation (ref. 2), in the vagus or the recurrent
laryngeal nerve (refs. 3 to 7), in the sympathetic
outflow (refs. 5, 7, and 8), in the phrenic nerve
(refs. 4, 6, and 7), in the pyramidal tract (ref. 9),
and on the cortex (refs. 8, and 10 to 13). Recently
it was noted in our laboratory that evoked poten-

tials in the recurrent laryngeal nerve (or the vagus
nerve), the cervical sympathetic nerve, and the
phrenic nerve, previously reported as being elicited
by vestibular nerve stimulation, are most likely the
result of stimulation of nonvestibular structures.
Preliminary findings are presented in this report.

METHODS

Experiments were performed on cats decerebrated
under anesthesia by electrocoagulation of the mid-
brain tegmentura. They were immobilized with
gallamine triethiodide and maintained with artificial

115
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ventilation. The arterial blood pressure and the ex-

pired air COz were continuously monitored, and the

body temperature was maintained at 39° C during
the experiments. With few exceptions, the experi-
mental procedures employed in the present study
were essentially the same as those described pre-
viously (ref. 7).

The right internal ear was approached ventrally
by removing the tympanic bulla, the bony partition
of the middle ear, and the promontory. Figure 1
shows the ventral view of the middle and the internal
ear of a formalin-perfused cat after the nervous
tissues had been stained with osmic acid. The facial
nerve is seen lying in the facial canal. The cochlear
nerve was sectioned at its exit from the internal
auditory meatus, and therefore only the stained
nerve stump is visible. The saccule was removed to
reveal the main vestibular trunk, which is seen here
(fig. 1) supplying the utricle and the lateral am-
pulla. The anterior ampulla and its nerve, lying
beneath the lateral ampulla and its nerve, are hidden
from view. The posterior ampulla and its nerve are
seen apart from the main vestibular trunk. It would
be very difficult, if not impossible, to dissect them
out in live preparations with unstained nerves, since
the ampulla is hidden beneath the bone and the
nerve is firmly embedded in the singular canal. It
was therefore no surprise that all attempts by An-

Ficure 1.—Ventral view of internal structures of right ear
of formalin-perfused cat. Neural structures were exposed
by alternate dissecting and staining with I-percent osmic
acid. See figure 2 for identification of structures.

dersson and Gernandt (ref. 13) failed to expose
these structures. On the other hand, they can be
destroyed easily in live preparations simply by en-
larging the bony opening in the vestibule or by pull-
ing out the ampulla and its nerve from underneath
the bone with a fine hook. This was routinely per-
formed in the present study before each experiment
unless stated otherwise. In the Andersson-Gernandt
approach (ref. 13), only the portion of the vestibule
containing the saccule, the utricle, and the anterior
and lateral ampullae was exposed. In the present
experiments, the main vestibular nerve trunk was
exposed all the way to the orifice of the internal
auditory meatus, as shown in figure 1, so that after
its distal connections to the vestibular organs were
severed, there would still be enough length of it left
to be suspended in air with a pair of curved stimu-
lating electrodes.

In figure 2, the top diagram shows the ventral
view of a cat’s head and the location of the shaded
area from which the lower sketch was made. The
lower sketch was drawn from a fresh preparation
and resembles very closely the photograph shown
in figure 1, except that it does not show the posterior
ampulla and its nerve, since these structures were
routinely removed before each experiment. It shows
the extent of the exposure and the locations of the

COCHLEAR NERVE STUMP

VESTIBULAR NERVE

UTRICLE
LATERAL AMPULLA

FACIAL NERVE

Ficure 2.—Shaded area in upper diagram shows location
and orientation of lower drawing of internal neural struc-
tures of cat’s right ear. Posterior ampulla and its nerve,
seen lying above and parallel to vestibular nerve trunk in
figure 1, are not shown.
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neural structures being stimulated in the present
experiments. Unless stated otherwise, the cochlear
nerve was routinely sectioned at its exit, as shown
in the sketch, and sealed with modeling clay to
prevent the outflow of the cerebrospinal fluid and
to insulate the nerve from stray currents during
electrical stimulation of other parts of the internal
ear. This sketch and its variations will be used to
illustrate the various experimental procedures.
The stimulating electrodes were made of iridium-
platinum wires, 0.13 mm in diameter, insulated
with Teflon except at the tips. Two types were used.
Curved or L-shaped bipolar electrodes were used to
suspend a nerve for stimulation. Straight bipolar
electrodes were thrust against the bony wall form-
ing the vestibule and in contact with the vestibular
nerve branches, as shown in the upper sketch in
figure 3, in a manner similar to that described
previously (refs. 3 and 7). Each pair of electrodes
was mounted on the carrier of a stereotoxic instru-
ment so that they could be placed at any desired
position in the internal or middle ear. Stimulation
was made with square-wave pulses of 0.3-ms dura-

Ficure 3.—Upper diagram shows placement of stimulating
electrodes before and lower diagram after transection of
cochlear and vestibular nerves at internal auditory meatus
and of facial nerve outside oval window. RLN, recurrent
laryngeal nerve response to single shock stimulation be-
fore (A) and after (B) nerve transections. CSN, cervical
sympathetic, and PN, phrenic nerve responses to 10-pps
stumulation before (C) and after (D) nerve transections.
Calibrations: RLN, 500 uV ; time, 1 ms; CSN, 50 uV; PN,
1 mV; time, 10 ms.

tion and of different intensities, at frequencies vary-
ing from 1 to 20 pps.

The phrenic-nerve eflerent potentials were re-
corded with a pair of silver-silver chloride electrodes
from the central cut end of the fourth spinal nerve
branch supplying the phrenic nerve on the ipsilateral
side of the stimulated ear. The efferent potentials
of the contralateral recurrent laryngeal nerve and
the ipsilateral cervical sympathetic nerve were
similarly recorded from their central cut ends. All
the nerves were desheathed and immersed in warm
mineral oil during the recording. For recording the
eye movements in nonparalyzed animals, silver-
silver chloride electrodes were placed one each at
the lateral canthi of both eyes and on the ridge of
the nose.

RESULTS

Effect of Intravestibular-Nerve Transections

Following transection of the vestibular and the
cochlear nerve at the orifice of the internal auditory
meatus, the evoked potentials in the recurrent
laryngeal, the cervical sympathetic, and the phrenic
nerves persisted. The upper diagram in figure 3
illustrates the placement of bipolar stimulating elec-
trodes in the vestibule, against the bone and in
contact with the vestibular nerve branches. The
cochlear nerve was not sectioned, but the bhasal
portion of the cochlea was removed. The extent of
the exposure and the placement of electrodes were
essentially the same as described previously (refs.
3 and 7). The lower diagram (fig. 3) shows the
same placement of electrodes following transection
of the cochlear and the vestibular nerves at the
orifice of the internal auditory meatus. Both nerve
stumps were sealed with modeling clay to prevent
the outflow of cerebrospinal fluid and to insulate
them against stray currents from the stimulating
electrodes. The facial nerve was transected just out-
side the oval window but was otherwise left intact
in the facial canal. There appears to be no difference
between the evoked potentials in the contralateral
recurrent laryngeal, the ipsilateral cervical sym-
pathetic, and the ipsilateral phrenic nerves recorded
before (A and C in fig. 3) and those recorded after
(B and D in fig. 3) transection of the nerves. The
latency was about 7 ms for the recurrent laryngeal,
13 ms for the phrenic, and 40 to 60 ms for the
cervical sympathetic response.
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Transection of the facial nerve at the orifice of
the internal auditory meatus in addition to that of
the cochlear and vestibular nerves did not appear
to affect the evoked potentials in the recurrent
laryngeal and the cervical sympathetic nerves. As
shown in figure 4A, these potentials persisted after
transection of the facial as well as of the cochlear
and the vestibular nerves. It soon became apparent
that these responses could be elicited by stimulation
of any part of the petrous bone.-In fact, following
removal of the facial nerve, stimulation of the base
of the facial canal was effective in evoking poten-
tials in the recurrent laryngeal and the cervical
sympathetic nerves. Stimulation of the rim of the
remaining portion of the tympanic bulla, which is
not part of the petrous bone, was ineffective. Topical
application of 2-percent lidocaine to the entire sur-
face of the petrous bone failed to affect these evoked
potentials (fig. 4B), indicating that stimulation of
nerve fibers or of endings on the surface of the
petrous bone is not responsible for these evoked
potentials.

Effect of Vestibular-Nerve Suspension

The findings in the preceding experiments indi-
cate that stimulation of structures other than the
vestibular nerve is responsible for the evoked poten-
tials in the recurrent laryngeal and the cervical
sympathetic nerves. However, the possibility is not
entirely ruled out that stimulation of the vestibular
nerve could also evoke these potentials. In other
words, it is still possible, thoukh remotely, that
stimulation of either the vestibular nerve or the
petrous bone could elicit the same responses. To
test this possibility, the vestibular nerve was sec-
tioned at its peripheral end and suspended with a
pair of curved electrodes, as illustrated in the dia-
gram in figure 5. The vestibular nerve could be
stimulated alone without the stimulation of the
petrous bone by suspending the nerve in air during
stimulation. Or, the nerve and the bone could be
stimulated simultaneously by lowering the curved
electrodes so that their undersurfaces touched the
bone. Stimulation of the suspended vestibular nerve
alone elicited no evoked potential in either the
cervical sympathetic or the recurrent laryngeal
nerve (fig. 5A). Simultaneous stimulation of the
vestibular nerve and the petrous bone resulted in
the appearance of evoked potentials in both nerves

A

RLN

o ,
csN 7]

RN
FicurRe 4.—Diagram illustrates placement of stimulating
electrodes following transection and sealing of cochlear,
vestibular, and facial nerves at orifice of internal auditory
meatus. RLN, recurrent laryngeal, and CSN, cervical
sympathetic response to single shock stimulation recorded
after nerve transections (A) and after 15-minute lidocaine

application to petrous bone surface (B). Calibrations:

RLN, 200 uV; CSN, 100 4V ; time, 10 ms.

FicUre 5.—Diagram illustrates suspension of vestibular nerve
with curved stimulating electrodes. CSN, cervical sympa-
thetic, and RLN, recurrent laryngeal response to single
shock stimulation of vestibular nerve alone (A) and to
simultaneous stimulation of vestibular nerve and petrous
bone (B). Calibrations: CSN, 10 uV; RLN, 1 mV; time
10 ms. .

(fig. 5B). It thus appears that stimulation of the
vestibular nerve is not responsible for the evoked
potentials observed in the recurrent laryngeal and
the cervical sympathetic nerves. Petrous-bone stimu-
lation is essential to the genesis of these potentials.

One could, however, still argue in favor of the
vestibular origin of these evoked potentials on the
assumption that the portion of the vestibular nerve
that was in contact with the stimulating electrodes
was injured and therefore unresponsive to electric
stimulation and that the positive result obtained
from simultaneous stimulation of the petrous bone
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was due to the stimulation of the uninjured proxi-
mal portion of the vestibular nerve through bone
conduction of the electric current. To test this
possibility, the effects of stimulation of the sus-
pended vestibular nerve, with or without simul-
taneous bone stimulation, were observed in non-
paralyzed decerebrate cats. Simultaneous stimulation
of the vestibular nerve and the petrous bone resulted
in widespread responses, including contractions of
muscles of the face, neck, and upper limbs. Hyper-
ventilation and rise in arterial blood pressure were
often observed. These responses did not appear
during stimulation of the suspended vestibular nerve
without simultaneous stimulation of the petrous
bone. The only response that was repeatedly ob-
served with both methods of stimulation was a
conjugate deviation of the eyes.

After the right vestibular nerve was sectioned,
both eyes of the cat deviated toward the right side,
i.e., the side with the lesion, in a manner essentially
the same as that following unilateral labyrinthec-
tomy. Stimulation of the central cut end of that
nerve suspended with a pair of curved electrodes,

without touching the petrous bone, at a frequency
of 50 pps, resulted in conjugate deviation of the
eyes toward the left side; i.e., the side opposite the
lesion and thus opposite the nerve being stimulated
(fig. 6). These experiments demonstrated that the
vestibular nerve was not injured following its dis-
section and suspension with bipolar curved elec-
trodes, and the only overt response to its stimulation
was a conjugate deviation of the eyes. Other re-
sponses appear to be the result of stimulation of
nonvestibular structures due to current spread
through the petrous bone. These include hyperven-
tilation, rise of arterial blood pressure, and con-
tractions of facial, cervical, and upper-limb muscles.

Origin of Phrenic-Nerve Response
Intravestibular sectioning of the cochlear and the
vestibular nerves produced no apparent effect on
the evoked potential in the phrenic nerve, but sec-
tioning and sealing of the facial nerve at the orifice
of the internal auditory meatus did abolish this
phrenic response. The diagram in figure 7A shows

the placement of the straight bipolar stimulating
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Ficure 6.—Electro-oculogram showing conjugate eye deviation in response to electrical stimulation
of suspended vestibular nerve alone. R, right side; L, left side; RE, right eye; LE, left eye.
Frequency and intensity of stimulation: (A) 50 pps, 10 mA; (B) 50 pps, 22 mA; (C) 100 pps,
10 mA; (D) 200 pps, 10 mA; (E) 200 pps, 10 mA. In E, stimulation was alternately on for 1 s

and off for 1 s.
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Ficure 7.—Diagrams show placement of stimulating electrodes (A) folowing transection and sealing
of cochlear and vestibular nerves at orifice of internal auditory meatus and transection of facial
nerve outside oval window, and (B) following additional transection and sealing of facial nerve
at orifice of internal auditory meatus. RLN, recurrent laryngeal, and PN, phrenic responses to
10-pps stimulation. In both records, stimulation starts from second frame. Calibrations: RLN,
200 uV; PN, 500 uV; time, 5 ms. Note presence of RLN responses in both records but PN

responses in A records only.

electrodes against the bone of the vestibule and the
stumps of the cochlear and the vestibular nerves
following their transection at the orifice of the in-
ternal auditory meatus. These nerve stumps were
routinely sealed before the bone stimulation. The
facial nerve was transected just outside the oval
window but was otherwise left intact in the facial
canal. Stimulation of the petrous bone at a fre-
quency of 10 pps evoked responses from both the
recurrent laryngeal and the phrenic nerves (fig.
7A). The response of the recurrent laryngeal nerve

followed the stimulation faithfully, but there was
considerable delay in the appearance of the phrenic
response. These observations are in agreement with
those reported previously (refs. 3 and 7).

The diagram in figure 7B shows the same stimu-
lating procedure except that an additional tran-
section of the facial nerve was made at the orifice
of the internal auditory meatus. All nerve stumps
were routinely sealed before stimulation. The
phrenic response failed to appear when the petrous
bone was again stimulated, but the recurrent laryn-
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geal response persisted (fig. 7B). It thus appears
that stimulation of the facial nerve is responsible
for the genesis of evoked potentials in the phrenic
nerve.

An argument in favor of the vestibular origin of
the phrenic response could still be made that sealing
with modeling clay only occasionally protected the
vestibular nerve from being stimulated, and that it
was purely coincidental that the phrenic response
disappeared following transection and sealing of the
facial nerve at the orifice of the internal auditory
meatus. To test this hypothesis, the facial nerve was
dissected out of the facial canal and suspended in
air with a pair of curved stimulating electrodes.
Stimulation of the suspended facial nerve at a fre-
quency of 10 pps elicited evoked potentials in the
phrenic nerve following the usual latent period, but
the recurrent laryngeal response failed to appear
(fig. 8A). Then, the stimulating electrodes, still
holding the facial nerve, were lowered so that their
undersurfaces touched the bony wall of the facial
canal. Simultaneous stimulation of the facial nerve
and the facial canal produced not only the phrenic
but also the recurrent laryngeal response (fig. 8B).
It thus appears that the phrenic response results
from stimulation of the facial nerve only and not
from stimulation of the vestibular nerve by electric
current conducted through the petrous bone. On the
other hand, it is the petrous-bone stimulation and
not the facial-nerve stimulation that is responsible
for the genesis of the evoked potential in the re-
current laryngeal nerve.

DISCUSSION AND CONCLUSION

There seems little doubt about the cortical projec-
tion of the vestibular afferent, not so much because
of the repeated observation of the vestibular-evoked
potential on the cortex but mainly because of the
care taken to ascertain the vestibular origin of the
evoked potentials. Megirian and associates demon-
strated that intracranial transection of the eighth
nerve abolished the evoked potentials recorded from
the contralateral cortex (ref. 8) and from the pyra-
midal tract (ref. 9). In a study of the cortical
projection of the vestibular nerve by Andersson and
Gernandt (ref. 13), the individual branches of the
vestibular nerve were suspended with hooked stimu-
lating electrodes, thereby limiting the stimulating
current to the vestibular nerve.

The same, however, cannot be said about other
studies involving electrical stimulation of the vestib-
ular nerve. The allegedly vestibular-evoked poten-
tials recorded from the vagus (or the recurrent
laryngeal), the cervical sympathetic, and the phrenic
nerves were elicited by stimulations made with a
pair of straight electrodes placed in the vestibule in
contact with the vestibular branches (refs. 3 and
7). A method of thrusting a monopolar stimulating
electrode against the bone of the vestibule was
employed in the study of the vestibular-evoked
potentials in the somatic motor outflow (ref. 1).
Ascertainment of vestibular origin of the evoked
potentials with the intracranial transection of the
eighth nerve was not attempted in the above studies.
In other studies (refs. 2, 4, 6, 8, and 9), reference
was made to the method of Andersson and Gernandt
(ref. 13), but the actual procedure employed for
stimulation was not described.

Evidence presented in this report strongly in-
dicates that the evoked potentials observed in the
recurrent laryngeal (or the vagus), the cervical
sympathetic, and the phrenic nerves are the results
of stimulation of structures other than the vestibular
nerve. They can therefore be regarded only as arti-
facts generated during the presumed stimulation of
the vestibular nerve. The phrenic response is prob-
ably the result of stimulation of the facial nerve by
electric current conducted through the petrous bone.
The origins of the recurrent laryngeal and the cer-
vical sympathetic responses are very much in the
dark, although it is clearly the petrous-bone stimula-
tion and not the vestibular-nerve stimulation that is
responsible for their production.

Involvement of the autonomic nervous system in
the genesis of motion sickness has been a subject
of much interest and great controversy. Some
answers can be found in our present and previous
studies. Electric potentials of the vagus nerve, al-
legedly evoked by vestibular stimulation, have been
shown to represent the response of its recurrent
laryngeal portion only and not that of its para-
sympathetic component (ref. 7). The present study
revealed further that the allegedly vestibular-evoked
sympathetic response is actually elicited by the stim-
ulation of nonvestibular structures. It thus appears
that the autonomic nervous system does not play a
primary role in the genesis of motion sickness and

that the autonomic signs of motion sickness merely
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Ficure 8.—Diagrams show suspension of facial nerve with curved stimulating electrodes following
transection and sealing of cochlear and vestibular nerves at orifice of internal auditory meatus.
Electrodes were lifted off the bone in A, thus limiting stimulation to vestibular nerve, and
lowered to touch the bone in B, resulting in stimulation of nerve and bone simultaneously.
Stimulation at 10 pps starts in first ffames of both records. Calibrations: RLN (recurrent
laryngeal response), 500 pV ; PN (phrenic response), 500 pV; time, 5 ms. Note presence of
PN responses in both records but RLN responses in B records only.
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represent secondary reactions. Our findings thus
agree with the concept developed by Graybiel (ref.
14), who regarded these signs as belonging to the
V—II manifestations whose site of orgin are nor-
mally not vestibular receiving areas.

For years anatomists have maintained that the
primary and secondary vestibular neurons send
their fibers only to a limited number of destinations,
namely the cerebellum, the occular nuclei, and the
somatic spinal motor neurons (ref. 15). The ves-
tibular connections to the autonomic nervous sys-
tem must therefore be very remote. The allegedly
vestibular-evoked autonomic responses observed by
some physiologists came as a great surprise. The
present findings are in complete agreement with the
view of the anatomists. The alleged vestibulo-auto-
nomic connections are based on artifacts created by
the stimulation of nonvestibular structures.
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POSTSYMPOSIUM NOTE

Following the suggestions made by Drs. DeSantis
and Gernandt during the symposium, intracranial
transections of the cranial nerves were performed.
The evoked potentials recorded from the recurrent
laryngeal nerve and the cervical sympathetic nerve
persisted following intracranial transection of the
seventh and eighth nerves ipsilateral to the stimu-
lated ear. Intracranial transection of the ipsilateral
ninth, tenth, and eleventh nerves abolished the
evoked potentials recorded from the ipsilateral
sympathetic nerve and the contralateral recurrent
laryngeal nerve. These findings appear to prove
conclusively the nonvestibular origin of the evoked
potentials in the recurrent laryngeal and the cervical
sympathetic nerves elicited by stimulation with bi-
polar electrodes placed against the bony wall of

the vestibule in contact with the vestibular nerve
branches.
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The Vestibular System of the Owl
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Defence Research Establishment Toronto

SUMMARY

Five owls were given vestibular examinations, and two of them were sacrificed to provide serial
histological sections of the temporal bones. The owls exhibited a curious variability in the postrota-
tory head nystagmus following abrupt deceleration; sometimes a brisk nystagmus with direction
opposite to that appropriate to the stimulus would occur promptly after deceleration. It was found
also that owls can exhibit a remarkable head stability during angular movement of the body about
any axis passing through the skull. The vestibular apparatus in the owl is larger than in man, and
a prominent crista neglecta is present. The tectorial membrane, the cupula, and the otolithic
membranes of the utricle, saccule, and lagena are all “attached” to surfaces in addition to the
surfaces bearing hair cells. These attachments are very substantial in the utricular otolithic mem-

brane and in the cupula.

INTRODUCTION

The external eye muscles of the owl are “func-
tionless” (ref. 1, p. 642), and the “owl eye cannot
be turned in the orbit, even with a pair of pliers”
(ref. 1, p. 309). In fact, horizontal or vertical eye
movements in the owl appear to be impossible
because the back of the eyeball is spool shaped
instead of spherical. The owl therefore does not
benefit from a vestibulo-ocular reflex, and in order
to stabilize the retinal image it must stabilize its
whole head. It was felt that a study of the vestibular
system of such an animal would be of interest.

PROCEDURES

One snowy owl, Nyctea scandiaca, and four great
horned owls, Bubo virginianus, were observed for
head stability (with the wings and claws taped)
during manually produced angular movements of
the body. Each bird was oscillated through approxi-
mately 90° about each of the three orthogonal axes
of the skull, starting with the spinal axis vertical.
It was also oscillated about the spinal axis with the
spine horizontal, as in flight. Frequencies of oscil-
lation ranged from approximately 0.2 to 2.0 Hz,
and the tests were done with and without the bird
blindfolded. The procedure was repeated on three

different days, and in some cases it was recorded
on movie film. Small (=5 cm) lateral linear dis-
placements were also imposed on the animal to see
whether it could keep the head motionless during
such movement. The snowy owl and one great
horned owl were sacrificed, and serial sections of
their temporal bones were prepared, using the
Igarashi procedures (ref. 2) with hematoxylin and
eosin staining.

The three remaining great horned owls were sub-
jected to additional rotatory tests. These rotatory
tests, about an Earth-vertical axis and about the
owl’s Z axis (with the horizontal plane of the owl’s
head in the plane of rotation), were done with the
owl blindfolded, at 50, 30, 10, and 3 rpm. After
rotation for 2 minutes, the bird was decelerated
abruptly (stopping time 5 s) and observed for post-
rotatory head movements. In some cases the re-
sponse was recorded on movie film.

RESULTS AND DISCUSSION

Head Stability and Nystagmus

The owls exhibited a remarkable stability of the
head during angular displacement of the body. In
two of them (one of which was the snowy owl) this
stability was found almost constantly, but in the

127
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other three it was frequently absent, as if the birds
chose not to exhibit it. When it was present, the
head appeared motionless during angular move-
ment of the body about axes passing through the
skull (fig: 1). For amplitudes of approximately 90°
this stability was present at frequencies between 0.5
and 2.0 Hz, but it was generally absent at 0.2 Hz.

In one owl, on one occasion when the owl ap-
peared very interested in visually fixing on a nearby
object (another owl), the head remained motionless
during oscillation at 0.2 Hz, but this was the only
instance when such low-frequency oscillation left
the head motionless. Head stability was still present,
but less marked, with the bird blindfolded. It should
be emphasized that the oscillations were achieved
manually and that, although the amplitude and fre-
quency were controlled (very roughly), the wave
shape was entirely unknown.

Head nystagmus in the owls was markedly vari-
able, both between owls and also in the same owl
on the same or different days, and this in spite of
careful blindfolding and the use of arousal tech-
niques. After deceleration from 30 or 50 rpm there
occurred: no head movement at all; a 30-second
period of no head movement (sometimes with the
head held displaced in the direction of the expected

slow component) followed by a nystagmus with the
fast component in the direction of former stimulus
rotation, presumably the secondary nystagmus,
which was maintained for an additional 30 seconds
and which was sometimes followed immediately by
two or three beats of nystagmus with fast component
in the direction opposite to the direction of the for-
mer stimulus rotation (presumably a tertiary nystag-
mus); a brisk nystagmus with fast component in
the same direction as former stimulus rotation,
occurring promptly after cessation of rotation, last-
ing for 30 seconds, and followed by a pendular
nystagmus, and finally by a nystagmus with fast
component in the direction opposite to former
stimulus rotation; a 15-second period of no head
movement or of very high-frequency, low-amplitude
head movements followed by a primary nystagmus
of the type appropriate to the stimulus, sometimes
followed by a secondary nystagmus.

After deceleration from 10 rpm, the expected
primary nystagmus was observed more frequently
than with the stronger stimuli, and it was observed
still more frequently and without delays following
the 3-rpm stimulus. Even at these lower speeds,
however, unusual responses (including no response)
were observed frequently. The primary nystagmus

FicURE 1.—Head stability of the owl during angular movement of the body. In each of the three
lines, adjacent pictures are separated by 5/24 second. In the top line, the rotation of the body is

shown by the white feathers on the throat.
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in response to deceleration from 3 rpm often con-
tinued for 30 seconds, and it was sometimes fol-
lowed by a pause and then a secondary nystagmus.
The unusual responses to rotatory stimulation in this
species, and the extreme variability, can be ex-
plained in general terms by postulating an unusual-
ly sensitive ear that cannot properly respond to
large or unnatural stimuli. Perhaps a more likely
explanation is that, compared to the influence on
eye muscles, the influence of higher centers on neck
muscles is more successful in interfering with ves-
tibular influences, although this is apparently not
the case in pigeons, which exhibit predictable and
consistent postrotatory head nystagmus. It should
also be remembered that head nystagmus itself
causes an oscillatory stimulus of the semicircular
canals.

Morphology

In spite of the absence of eye movement in the
owl, the vestibular apparatus is essentially normal
and surprisingly large. The length (circumference)
of the horizontal semicircular canal in the owl is
23 mm, of which 3.5 mm is in the vestibule; the
length of the posterior canal is also 23 mm, and 4
mm of this is in the crus and vestibule; the superior
canal is 32 mm long, of which 5 mm is in the crus
and vestibule. The small radii of the membranous
ducts are: horizontal, 0.17 mm; posterior, 0.13
mm; anterior, 0.24 mm. As in the pigeon (ref. 3),
the membranous duct has a very thick wall and a
cross section which tends to be rectangular. The
vestibular apparatus in the owl is somewhat larger
than in man, but the cochlea in the owl, which is
only slightly curved, is only 11 mm long compared
with 32 mm in man. The papilla basilaris of the
owl, which corresponds to the organ of Corti of
mammals, is therefore much shorter than in man,
but the papilla in owls is more than 30 hair cells
wide (fig. 2), compared with 4 in the organ of
Corti in man. The tectorial membrane in the owl is
attached not only to the hair cells, but also to a
surface without hair cells, as is known to be the
case in other birds and in mammals.

As in other birds, the cristae of the posterior and
anterior ampullae in owls have eminentae cru-
ciatae, whereas the crista of the horizontal ampulla
does not. The eminentiae cruciatae are large stubby
fingerlike structures attached to the crista and pro-
jecting at right angles to the long axis of the crista.

Ficure 2.—Papilla basilaris of the snowy owl, left ear. More
than 30 hair cells can be seen along the width of the
papilla. The auditory nerve can be seen below, and the
tectorial membrane (thicker on the right) above. Cut
roughly parallel to the horizontal plane of the skull.
(X 68)

(The long axis of the crista is the line of the crista
across the ampulla and is also the axis about which
the cupula is thought to rotate when deflecting.)
The eminentiae have, apparently, no nerve supply
and no hair cells on the surface (fig. 3).

b

Ficure 3.—Crista of the superior canal of the great horned
owl, left ear. The plane of the section is roughly parallel
to the frontal plane of the skull, and it passes through
the base of the crista below the level of the hair cells
(lower left), then through the area of hair cells and the
eminentiae cruciatae (central), then above the crista to
the ampullary wall at the level of the cells of character-
istic appearance to which the cupula appears to attach.

(X32)
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The long axis of the crista is not a straight line
in these ampullae; instead, the crista at its edges
curves up, away from its base and nerve supply,
and extends onto the sides of the ampulla so that
the crista is basically U shaped. On the distal parts
of the arms of the U, the surface of hair cells is
actually set into the ampullary wall (fig. 4), instead
of being held out from the wall as are the hair cells
of the crista elsewhere. It seems reasonable to think
that the hair cells set into the ampullary wall
would be less sensitive because of that location.

On the ampullary wall adjacent to these “inlaid”
hair cells, cells of characteristic appearance have
on their surfaces pieces of extracellular substances
similar to those seen between the hairs of the hair
cells (fig. 4), and this suggests that the cupula nor-
mally is attached to the ampullary wall beside the
crista. These cells of characteristic appearance are
also present distally from the most distal hair cells
of the crista (the surface of the planum semi-
lunatum), which suggests that the cupula might be
attached to the ampullary walls above the crista as
well as beside the crista. There is also strong
evidence of attachment of the cupula at the base of
the crista below the level of the hair cells (figs. 3
and 5). The various cupular “attachments” can be
expected to impose severe restrictions on cupular
movement.

The owl has a prominent crista neglecta (refs.
4 to 6). The crista neglecta is located anteriorly
from the posterior semicircular canal’s crista, as
shown in sagittal sections (fig. 5), and it has iden-
tifiable hair cells and a nerve supply. The longest
length of this crista found in the slides studied was
350 um, which is comparable to the diameters of
this organ in the cat (200 to 300 um) and the lion
(400 pum) (ref. 5).

The longest axes of the utricular macula found
in the owl were 2.8 mm in a sagittal section and
2.3 mm in a frontal plane section, which indicates
the unusually large size of this organ in the owl.
Like the cupula, the utricular otolithic membrane
has attachments to surfaces in addition to surfaces
covered by hair cells (fig. 6). These attachments
arise from that layer of the otolithic membrane
which is usually referred to as “gelatinous,” and
their fibers are very substantial and reach areas
quite remote from the macula (fig. 7). Since they
do not attach to the macula, they are presumably

Ficure 4—Crista of superior canal, right ear, in snowy owl,
horizontal section. The arms of the U-shaped crista are
seen to be set into the ampullary wall, and pieces of
extracellular substance (presumably cupula) can be seen
on adjacent cells of characteristic appearance. In addi-
tion to the arms of the U reaching upward, another
prominence extends from the center of the bottom of the
U and is included in the section with one eminentia
cruciata, (X 32)

Ficure 5.—Crista of posterior canal in right ear of great
horned owl, sagittal section. One of the eminentiae cru-
ciatae is present in the section, and also (off to the right)
the crista neglecta. (X 36)

not analogous to similar fibers found in the dogfish
(ref. 7), but they are perhaps comparable to less
prominent structures present in man (ref. 8) and
in the pigeon (plate XVII, fig. 1 in ref. 9). It
seems reasonable to think that these attachments
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Ficure 6.—Utricular otolith organ of right ear of great
horned owl, sagittal section, showing endolymph on one
side and perilymph on the other. “Holding” or “anchor-
ing” attachments are apparent on the right side of the
otolithic membrane. (% 25)

Ficure 7.—Utricular and saccular otolith organs in left ear
of great horned owl, frontal section. The “holding” at-
tachments on the utricular otolithic membrane are par-
ticularly prominent, although they have been displaced
from their connection to the membranous wall on the
right side. The saccular macula is seen to lie against bone.
The relatively large size of the utricular otolith mem-
brane and small size of the saccular one seen here are
truly representative. (% 19)

perform the function of holding the otolithic mem-
brane in the appropriate place, so that they could
be called “holding” or “anchoring” attachments.
Whereas the utricular macula has endolymph on
one side and perilymph on the other side, the sac-

cular macula has endolymph on one side and bone
on the other side (fig. 7), as is also the case in
mammals. This structural difference between the
utricular and saccular otolithic organs suggests that
the saccular macula is less subject to displacements
in response to linear accelerations than is the utri-
cular macula, and this is probably important func-
tionally. In the owl the saccular otolith organ is
much smaller than the utricular one; the longest
dimension found in frontal sections was 0.59 mm
and in horizontal sections 0.94 mm, and the total
depth of the saccule in serial sections confirms these
measurements. This surprisingly small size of the
saccular macula, in a species without functional eye
muscles, is consistent with the idea (refs. 10 and
11) that the saccule of birds has a role in eye move-
ments. The saccular otolithic membrane is thicker
than the utricular one, and in several sections a
fine, poorly staining fiber can be seen joining the
distal surface of the otolithic membrane to the sac-
cular membranous wall (fig. 7). Holding attach-
ments of the gelatinous part of the otolithic
membrane can also be found in the saccule, but
they are not nearly so numerous or prominent as
in the utricular otolithic membrane or in the cupula.

At the distal end of the cochlea is the third otolith
organ found in birds, the lagena. As in the saccule,
holding attachments (between the gelatinous part
of the otolithic membrane and surfaces without
hair cells) are present but not prominent. Except
for a part of its proximal edge, the macula of the
lagena lies against a bony surface (fig. 8) as does
the macula of the saccule.

Investigations of the dimensions of vestibular
structures in various species have been reported
(refs. 12 to 17), and dimensions of the semicircular
canals have been related to function. In addition to
dimensional differences, however, there are striking
differences in the mechanisms of the various ves-
tibular receptors in different species. Some struc-
tures, such as holding attachments in the cupula
and in the utricular otolith of the owl, might be
prominent in one species but difficult to locate
(although still important) in other species. It seems
reasonable to think that a careful study of struc-
tural differences, together with a study of vestibular
function, will give insight into the basic physiology
of the vestibular system. The present study is a
beginning in this direction.
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Ficure 8.—The lagena in the great horned owl, frontal
section. The otolithic membrane, hair cells, and nerve
supply are clearly shown, as is a part of the tegmentum
vasculosum (which is even more prominent above the
papilla basilaris, fig. 2). (x18)
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The Role of Perilymph in the Response of the

Semicircular Canals to Angular Acceleration

Max ANLIKER and WiLLiAM VAN BUSKIRK
Stanford University

SUMMARY

A new model for the response of the semicircular canals to angular motion is postulated. This
model is based on evidence that the bony canal is not compartmentalized and assumes that the
ampulla wall is highly flexible. It is shown that the perilymph induces a cupula displacement far
greater than that produced by the endolymph alone. The predicted dynamic behavior of the canals
on the basis of this model is found to be consistent with experimental observations.

INTRODUCTION

Steinhausen (refs. 1 to 4) proposed that the
semicircular canals respond to angular accelerations
in the same manner as would a heavily damped
torsion pendulum. According to his model, an
angular acceleration of the head causes the bony
canals and the membranous structures attached to
them to accelerate in a similar manner. The
endolymph within the membranous system, how-
ever, due to its inertia, lags behind the motion of
the head. Because of the small caliber of the mem-
branous canal, this relative motion of the fluid is
retarded by a relatively large viscous force. The
cupula, which according to his observations fills the
entire cross section of the ampulla, exerts a restor-
ing force on the fluid when displaced.

The mathematical formulation of this idea,
which in the literature has come to be known as the
“torsion pendulum equation,” may be written in the
form

O +ITE+Aé=—0a (1)

. I'I . A _
§+@§+@§— 2 (2)

where £, é, f represent, respectively, the angular
displacement, angular velocity, and angular accel-
eration of the endolymph with respect to the skull

and where « is the component of the angular accel-
eration vector perpendicular to the plane of the
canal and is measured with respect to an inertial
reference frame. © is an inertia term defined by the
mass and distribution of the endolymph. The damp-
ing coefficient T denotes the ratio of the torque
resulting from viscous forces to the mean angular
velocity £ of the endolymph. A represents the
stiffness of the cupula.

The angular displacement of the endolymph &,
which is proportional to cupular deflection, is also
assumed to be proportional to the sensation of
angular velocity as well as to the slow-phase velo-
city of nystagmus. With this hypothesis it is pos-
sible to determine experimentally the constants in
the torsion pendulum equation, since we can quan-
tify approximately the sensation of angular velocity
and can record the nystagmus induced by an an-
gular acceleration stimulus. The first to do this
were van Egmond, Groen, and Jongkees (ref. 5).
Using subjective sensation as their variable, they
found II/®=10 s~! and A/©®=1 s~2. Niven and
Hixson (ref. 6), monitoring nystagmus, found
values of the same order of magnitude. Other
experimenters have confirmed these results.

Meanwhile, as more accurate measurements of the
dimensions of the canals became available, the ratio
I1/0® could also be determined from the anatomical
data. O, the moment of inertia of the ‘endolymph

135
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ring, can be approximated by the expression
O~2pm*riR? (3)

where p is density of the endolymph, r is the
average radius of the canal duct, and R is the
average radius of curvature of the membranous
canal. If we assume that the endolymph has a
parabolic velocity profile as in the case of Hagen-
Poiseuille flow in a straight pipe, II may be ap-
proximated by the expression

~ 2R3
M~2 16um°R (4)

where p is the viscosity coefficient and ¢/27 is
that portion of the circumference occupied by the
narrow duct. The viscous forces in the utricle are
insignificant, since there the radius is much larger

and, correspondingly, the flow velocities much
smaller. With ¢/27=2/3,

I 32um®R® _ 32u
0  6pm*?R®  6pr?
Using the following anatomical data (ref. 7)

r=0.016 cm
p=10 g/cm?
M =0.852 centipoise

one finds I1/©=180 s™'. This value for I1/0 is
an order of magnitude larger than that observed
experimentally. To date, no convincing explanation
for this discrepancy has been offered.

Alexander Rejto (ref. 8) proposed that the peri-
lymph might play a more significant role in semi-
circular canal mechanisms than the endolymph. He
referred in his paper to the work of two earlier

(5)

experimenters, namely Spitzer (ref. 9) and Lorente
de N6 (ref. 10), who also held this view. Their
assumption was in essence that the walls of the
ampulla are sufficiently flexible to be deflected by
a flow of perilymph. Because of the larger size of
the perilymphatic space, flowing perilymph would
experience a lesser viscous force and hence be
much more mobile than the endolymph. The basic
mechanism is illustrated in figure 1.

The idea of a possible flow of perilymph was
vigorously opposed by Dohlman (ref. 11). He
argued that his experiments indicated that the
membranous ampulla wall was sufficiently rigid to
preclude any flow of perilymph. However, his ex-
periments on the ampulla wall were performed

&

™~

FLACCID AMPULLA WALL

PERILYMPH

UNDEFLECTED
CUPULA

DISPLACED
CUPULA

DISPLACEMENT OF
AMPULLARY WALL

FicurRe 1.—An illustration of the possible mechanics of
cupular deflection. A flow of perilymph displaces the am-
pulla wall, which in turn produces a cupular deflection.
Fluid continuity is maintained by an equal and opposite
displacement of the ampulla wall on the other side of
the cupula.

after the perilymph was drained. In the absence of
the normal perilymphatic pressure the membranous
labyrinth could have been excessively pressurized
and thus much stiffer than under normal conditions.

Results from theoretical and experimental wave-
transmission studies on canal-duct models (refs. 12
and 13) clearly indicate that the effects of viscosity
of the labyrinthine fluids cannot be disregarded in
a realistic study of the dynamic properties of the
semicircular canals. In view of the small dimen-
sions of the vestibular apparatus, the role played
by the viscous forces should be particularly im-
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portant in the membranous canal, which has an
average cross-sectional radius of only about 0.16
mm in man. Since the cross section of the bony
canal is an order of magnitude larger than that of
the membranous canal, it seems that the perilymph
should indeed be considerably more mobile than
the endolymph if the bony canal is not compart-
mentalized and if the ampulla wall can be con-
sidered as a flexible membrane. If this were true,
the motion of the perilymph as well as that of the
endolymph would contribute to the displacement
of the cupula. To assess the possible significance
of this observation, we are presenting here an
clementary theoretical study of a model simulating
the gross features of the canals, including the am-
pulla, utricle, and cupula.

ANATOMICAL FEATURES

According to a biometric study by Igarashi (ref.
14), we can draw a cross-sectional view of the
horizontal semicircular canal as illustrated in
figure 2. The membranous canal duct runs along
the outer periphery of the bony canal, where it is
secured by fibrous banding to the periosteum (ref.
15). As shown, the membranous ampulla takes up
the entire cavity formed by the bony ampulla. The
two ampullae seem also to be connected with fibrous
banding (ref. 15). While the bony canal duct is a
confluent channel, there is no evidence of perilym-
phatic cisterns above the membranous ampulla (ref.
15). This implies that any perilymphatic flow
which could occur within the bony canal duct
cannot extend past the membranous ampulla. As
the central hypothesis for this analysis we assume
now that the sides of the membranous ampulla are
flaccid or sufficiently flexible to permit the devel-
opment of a small net flow of perilymph, which

theoretically can cause a displacement of the cupula

without actually requiring endolymph flow in the

membranous canal duct (see fig. 1). To maintain
perilymph continuity, there would have to be an
equal and opposite volumetric displacement of the
ampulla wall into the perilymphatic space on the
opposite side of the cupula.

The flow of the perilymph, as well as that of the
endolymph, is resisted by viscous forces that are
strongly influenced by the geometric features of
the canal ducts. A cross section of the duct (after
Gray’s Anatomy) is shown in figure 3. The loca-

ENDOLYMPH UTRICLE

PERILYMPH CUPULA

CRISTA

NERVE

Fi1cuRe 2.—A cross-sectional view of the horizontal semi-
circular canal of man (after Igarashi, 1966).

ENDOLYMPHATIC SPACE
FIBROUS CONNECTIVE TISSUE

PERIOSTEUM

Ficure 3.—A cross-sectional view of a semicircular canal
duct (after Gray’s Anatomy, 1967).

tion of the membranous canal along the outer pe-
riphery of the bony canal is again evident, and the
relative size of the two canals is clearly illustrated.
The shape of their cross sections can be approxi-
mated by ellipses which, according to Igarashi (ref.
14), have in man the dimensions of about 1.41 by
1.07 mm in the case of the bony canal and 0.44 by
0.24 mm for the membranous canal. We have
therefore as the cross-sectional area of the mem-
branous canal 8.3X107% cm?, while that of the
bony canal is 1.2X1072 c¢m?. If the cross-sectional
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area of the membranous canal is subtracted from
that of the bony canal and some allowance is made

for tissue, the remaining perilymphatic cross sec-

tion is about 1.1X1072 cm2 Thus, the effective
cross-sectional area for perilymphatic flow is more
than 13 times that for the endolymph. Also illus-
trated in figure 3 are vessels that arise from the
periosteum and cross the perilymphatic space. If
these vessels were taut, the flow of perilymph would
be inhibited; but, again according to Igarashi
(personal communication), they are loose, thread-
like structures that can follow small motions of the
perilymph. Unfortunately, much of the informa-
tion required for a realistic analysis of the canal
dynamics is still unknown. For example, we do not
have any direct experimental data on the stiffness
of the cupula and of the ampulla walls.

A PERILYMPH-ENDOLYMPH-CUPULA
MODEL

A realistic model of the dynamic response of the
semicircular canals should account for the flexibil-
ity of the membranous canal wall and the presence
of the perilymph. The system is therefore modeled
as follows. The endolymph and perilymph ducts
are represented by two toroidal channels running
side-by-side as shown in figure 4. The utricle and
bony vestibule are simulated as widenings of the
respective canals. For this initial study of the entire
system, the flexibility of the membranous canal is
limited to the region of the ampulla where the

PERILYMPH
ENDOLYMPH “

BONY VESTIBULE
| UTRICLE

~~——

MODEL OF AMPULLA

Ficure 4.—Theoretical model configuration for the
perilymph-endolymph-cupula model.

membranous wall forms the ampulla wall and
blocks the flow of perilymph, as illustrated in
figure 1. It is assumed that the ampulla wall offers
no resistance to small volumetric displacements of
the perilymph. This implies that there is no pressure
differential between the endolymph and the peri-
lymph across the ampulla wall on either side of
the cupula.

The resistance of the cupula to displacements is
given by Kc=§—£, where 8p is the pressure differ-
ence across the cupula and &V is the volumetric
displacement of the cupula due to both the en-
dolymph and perilymph, i.e.,

8V =AcReé.+ ApRpép (6)

where A denotes the cross-sectional area of the
duct, and the subscripts refer to endolymph and
perilymph. The pressure difference 8p can therefore
be expressed as

8p=K¢(AeRe§e+ApRp§p) (7)

and the elastic torques acting on the endolymph
and perilymph are, respectively,
Tg=AgRe(3p (8)

and

To=ApRySp (9)

If we disregard the viscous forces in the regions of
the bony vestibule and utricle, the equations of
motion of the perilymph and endolymph can be
written as

®e£e+ne§.e+Aee§e+Aep§p=_®ea (]_0)
and
®pgp+nnf'p+Aoefe+App§n g - ] (11)

where & denotes the mean angular displacement
of the particular fluid (i=e refers to endolymph,
i=p to perilymph), and where

0,=2pmA:R3
oine comall Yel
ILi=16umR; (277)
and
A=K AiRiA;R;

The coeflicients in equations 10 and 11 are deter-
mined using the following data for the human
semicircular canals:
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Ae =83X107%em? (ref. 14)
4, =11X10"%cm? (estimate)
R. =032cm (ref. 14)
R, =0.30cm (estimate)
pi =LlL0g/cm? (ref. 7)
e =0.852 centipoise (ref. 7)
M»  =0.802 centipoise (ref. 7)
;:_ = % (estimate)
P 06 (estimate)
21r

With these values, the differential equations of
motion are given by

EoH 1706+ (4.1X1074)
Kot (51X10° M Keby=—a  (12)
and

E,+11€,+ (4.7X1074)

Kobot (5.8X10°)Kefp=—0a  (13)

The stiffness of the cupula K. is unknown and
therefore retained as a parameter. Assuming &
and &, to be of the same order of magnitude, we
can drop the third term in equations 12 and 13
and reduce them to the form

brgibr = (14)

and

bt ot g2~ (15)
P

This system of equations is now solved for a repre-
sentative function a(z).

A typical head movement of short duration can
be approximated by an abrupt onset of a constant
angular velocity followed by an equally abrupt
cessation. The angular accelerstion and decelera-
tion «(t) associated with such a wnovement is
defined as a positive Dirac delta function §(¢) at
the beginning of the motion and a negative one at
its termination. Equation 15 stipulates that the peri-
lymph motion has the same character as that of a
damped pendulum. If the system is initially at rest
and if a(z) =5(t), we can write for the Laplace
transform of equation 15

s2xp<s>+g—:sxp< >+ﬁ;j J(s)=—1  (16)
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from which follows

—1 17
xp(s ) _H-—_A - ( )
Dp
e,

Since physiological evidence suggests that the mo-
tion of the cupula is overdamped, it follows that
the perilymph motion would also have to be over-
damped; therefore,

2
Kpp<4"TGTp (18)
This allows for the approximation
—1 (19)
xp () =~
5 (I
() (-8
and
HP ADPt
®p 1L,
E)~e e (20)
I A
0, I

By again making use of equation 18, we can further
simplify equation 20 and reduce the expression

fOr é:p (t) to
App

I,
e
——ﬁ—p_'—fOI' t>0 (21)
0,

En(t) ~

For a(t) =8(¢) and the system initially at rest,
the Laplace transform of equation 14 is

s2xe(s) +%3e

sxe(s) + @e Pap(s)=—1 (22)

Substituting equation 19 for x,(s), we find

Aep
Xe(s) =~ o 1H
o) (s 5e) () o(ev)
(*e»)(*n,,)(%p *\*"e.
(23)
and



-

140 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

Aep
0.
B
®e HD ®D
.,
Bep 2
0.
R RED
@g) (OB 1L, ®. 06,
_ B,
Aepe Hp
(%) (5 -2) ()
I, )\, A /\II, O,
1T,
Acp ~®_pt - I(;)Iet
. ®ee . l—‘e ¢
(I_Iﬁ)(gl_gﬁ><ni_é@) 1L
®D ®P Oe ®p Hp @e
(24)

Except for very small values of ¢, the first four
terms on the right-hand side of equation 24 are

negligible, since  App/I<I,/40,, II,/0,~
I1./150., and A.p/BOcm=App/90,.
Therefore,
l—e 0.
L) m—— for t>0
I, (25)
0.

However, with I1,/0.~170, e —-&t also approaches

zero rapidly and we can thus conclude that &
almost instantaneously assumes the approximate
value

1
ge(l)%“m for t>0 (26)

From equations 21 and 26 we see that the almost
immediate displacements of the endolymph and
perilymph are inversely proportional to the respec-

tive coefhicients I1e/0. and II,/0,. For the anatom-
ical parameters listed, we have therefore £,>15¢&.
after the onset of head movement, which appears to
justify ignoring the third term in equations 12 and
13. If we rotate the head for only a very short
duration, the exponential decay of £, is negligible.
Finally, when head rotation is terminated, the two
fluid systems receive a negative impulse, which
essentially returns them to their original positions.

According to equation 6 the volumetric displace-
ment of the cupula is (after inserting anatomical
values)

BV =(2.7X10%) &+ (3.2X10°2) €,  (27)

With £,>15¢. for the typical head movement just
discussed, the contribution of the perilymph to the
volumetric displacement of the cupula is almost
200 times that of the endolymph. Other acceleration
patterns produce similar results, which suggest that
the cupula displacement is primarily caused by the
perilymph and not by the endolymph. If the con-
tribution of the endolymphatic motion to the cupula
displacement is ignored, the governing equation for
the dynamic response of the perilymph or the cor-
responding cupula displacement reduces to

£, 11£,+0.0058K £, = —ax (28)
This means that the response of the cupula is still
characterized by a torsion pendulum equation but
with the significant difference that the bony canal

parameters rather than those of the membranous
canal define the dynamics of the system.

DISCUSSION

The findings of this study may be summarized
as follows:

(1) By assuming that the ampulla wall offers no
resistance to small displacements, it was shown that
it is primarily the perilymph that causes the
deflection of the cupula.

(2) When we allow for perilymph displacement,
the equation of motion of the systém retains the
form of the torsion pendulum equation, with the
variable £ now representing the angular displace-
ment of the perilymph rather than the endolymph.

(3)Based on the dimensions of the perilymphatic
space, the theoretically determined coefficient I1/0
in the torsion pendulum equation is approximately
11 s!, while the dimensions of the membranous
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canal lead to a value of about 170 s™! for the same
term.

Experimental determination of II/® through
measurements of the slow-phase velocity of nystag-
mus and through subjective sensations of angular
velocity leads to values for II/® which are of
the order of 10 s™!. The agreement between the
experimentally determined values for I1/® and that
predicted by our model lends support to the
hypothesis that the ampulla wall offers little or no
resistance to displacements and thereby allows the
perilymph to produce cupular deflection. The
validity of this hypothesis, however, can be deter-
mined only through experimentation on the ampulla
wall itself. The results of this investigation appear
to suggest a thorough reexamination of the nature
of the ampulla wall.
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Scanning Electron Microscopy of the Vestibular End Organs

Henrik H. LinpEMman, HArLow W. ADpEs, and RocEr W. WEsT
University of lllinois

SUMMARY

The vestibular end organs, after chemical fixation, were freeze-dried, coated with gold and

palladium, and studied in the scanning microscope. Scanning microscopy gives a good three-

dimensional view of the sensory areas and allows study of both gross anatomy and microstructures.
o R=1 B

Gross anatomical features of the structure of the ampullae are demonstrated. The form of the
F

statoconia in different species of animals is shown. New aspects of the structure of the sensory

hairs are revecaled. The hair bundles in the central areas of the cristac and in the striola of the

maculae differ structurally from the hair bundles at the periphery of the sensory regions. Further-

more, some hair bundles consisting of very short stereocilia were observed. The relationship

between the cupula and the statoconial membrane to the cpithelial surface is discussed.

INTRODUCTION

Recent studies have shown that the vestibular
sensory regions are structurally highly differen-
tiated. This is reflected in the organization of the
sensory cells, which are morphologically polarized
according to a specific pattern (refs. 1 to 5), a
feature of great functional significance. Further-
more, there are distinct structural differences be-
tween central and peripheral areas of the sensory
regions (refs. 5 to 7), which indicate that the dif-
ferent areas are functionally dissimilar. This differ-
entiated organization of the maculae and cristae
should be taken into account in both morphological
and functional investigations,

The present study is based upon scanning electron
microscopy of the vestibular apparatus. The scan-
ning electron microscope in the last few years has
been applied to a wide range of biological and non-
biological material. In particular, the instrument
has proven to be an important tool in the study of
surface structures. Thanks to its large depth of
field, it enables us to get a good three-dimensional
view of the sensory areas in the inner ear. More-
over, it allows exact localization on the specimen,
which, together with its good resolution, makes pos-
sible detailed and systematic studies under high-
power magnification. Recent investigations indicate

that scanning electron microscopy will be a useful
complement to other techniques in studies both of
the cochlea (refs. 8 to 10) and of the vestibular
apparatus (refs. 11 and 12).

MATERIAL AND METHODS

The temporal bones of guinea pig, chinchilla,
and cat were used in the present investigation. The
animals were decapitated under barbital anesthesia
and the bullae removed and opened. Following a
wide opening to the vestibule, the inner ear was
perfused with a fixative consisting of six parts of
2-percent phosphate-buffered osmic acid and one
part of a saturated solution of mercuric chloride
(ref. 13). In some cases l-percent barbital-buffered
osmic acid was used as a fixative. The specimens
were kept in the fixative at 4° C for 2 to 15 hours.
Dissection of the vestibular apparatus was per-
formed in distilled water under the stereomicro-
scope. The specimens were then prepared for scan-
ning electron microscopy by a technique slightly
modified from a description by Marszalek and
Small (ref. 14). Each specimen was placed in a
drop of double-distilled water on a thin aluminum-
foil disk, which was quickly transferred to liquid
nitrogen-cooled isopentane at about —150° C. It
was next placed on a copper block, precooled in
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liquid nitrogen, and the block was transferred to
the cold stage of a Pearce tissue drier, where the
specimen underwent sublimation under high vacuum
(5X1072 torr) at a temperature of —50 to —60° C
for 3 to 4 hours. The specimens were then allowed
to attain room temperature overnight. The alumi-
num disks with freeze-dried specimens were mounted
on standard scanning electron-microscopy stubs
with cement, placed on a rotating table in a vacuum
evaporator, and coated with a thin film of gold and
palladium. The specimens were studied in a Cam-
bridge Stereoscan scanning electron microscope.

RESULTS AND DISCUSSION

The sensory regions of the vestibular apparatus
were studied under primary magnifications varying
from 50 to 15000 times. This range in magnifica.
tion allowed studies of both the macroscopic an-
atomy and microstructures. Figure 1 shows a verti-
cal ampulla of a cat with the cupula riding at the
top of the crista. According to investigations by
Steinhausen (ref. 15), the cupula, under normal

F1cURE 1.—Scanning micrograph showing ampulla of a ver-
tical semicircular duct in the cat. The cupula is riding
at the top of the crista. The planum semilunatum (PS)
is located at the lateral wall of the ampulla. (X 83)

conditions, extends from the surface of the sensory
epithelium to the roof of the ampulla, and laterally
to the plana semilunata. It thus closes the lumen of
the ampulla completely to endolymph (ref. 16).
However, under the influence of fixatives, the
cupula, like the gelatinous substance of the sta-
toconial membrane and the tectorial membrane,
shrinks considerably, and thus alters both size and
form. It is important to realize that changes seen
in the cupula, often assumed to be due to patho-
logical conditions, in most cases are probably the
result of fixation and embedding procedures.

The crista is covered by sensory epithelium.
Figure 2 shows the lateral crista of a cat, revealing
the hair bundles of the sensory cells and myeli-
nated nerve fibers beneath the epithelium, repre-
senting the dendrites of the bipolar vestibular gang-
lion cells. The long axis of the crista extends across
the ampulla and is generally described as being per-
pendicular to the plane of the semicircular duct
(refs. 17 and 18). However, the position of the
cristae, in the guinea pig particularly the anterior
one, shows certain irregularities (ref. 5). In the
first place, the crista is not found at right angles to
the plane of the semicircular duct (fig. 3), and it
also occupies an asymmetric position basally in the
ampulla, closer to one lateral wall than to the other.

Ficure 2.—Photomicrograph showing lateral crista of the
cat. Hair bundles protrude from the sensory cells. Beneath
the epithelium, myelinated nerve fibers are seen. (X96)
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Ficure 3.—Scanning micrograph showing the anterior am-
pulla in the guinea pig. The long axis of the crista is not
at right angles to the plane of the semicircular duct.
(X85)

The anterior and posterior cristae of the cat are
incompletely divided into two parts by a transverse
ridge, commonly referred to as the septum cruciatum
(fig. 4). This ridge is covered by cylindrical epithe-
lial cells and contains no sensory cells.

The plana semilunata are half-moon-shaped areas
on the lateral walls of the ampullae (fig. 1) and
have attracted considerable interest. They consist
of cylindrical cells of complicated structure (ref.
19), indicating a secretory function. Recently Dohl-
man and collaborators (refs. 20 and 21) showed
evidence for a mucopolysaccharide secretion from
this area in birds by the use of labeled isotopes.

The macula utriculi and the macula sacculi are
covered by statoconial (otolith) membranes of the
same form as the sensory epithelium. The stato-
conial membrane consists of a gelatinous compo-
nent, directly overlying the hair bundles of the
sensory cells, and a mass of crystals—statoconia
(figs. 5 to 7). The statoconia lie close together in
several layers in the most distal part of the sta-

Ficure 4.—In the cat the cristae of the vertical semicircular
ducts are divided into two parts by a ridge, the septum
cruciatum, which contains no sensory cells. (X206)

FicURE 5.—Scanning micrograph showing statoconia from
the macula utriculi in the cat. The crystals have an oblong
form. The body is more or less cylindrical and the ends

are pointed. Each short side possesses three surfaces.
(X1090)

toconial membrane. Even though the statoconia do
not seem to be extensively embedded in the gela-
tinous substance (which, from a morphological
point of view, appears like a cushion for the crys-
tals), they are still relatively firmly held together,
and they do not normally detach from the sta-
toconial membrane.

In the scanning microscope the form of the
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FI1GURE 6.—Statoconia from the macula sacculi of the
chinchilla. (X1170)

crystals is easily seen (figs. 5 to 7). In all the species
studied the statoconia have an oblong form with
slightly arched sides. Their body is more or less
circular in cross section and their ends pointed.
In agreement with the observation by Lim and
Lane (ref. 12), each short side of the statoconium
was found to possess three surfaces which appeared
absolutely smooth. The size of the statoconia varies
in the guinea pig from about 0.5 um to about 30
pm, and there are clear regional differences in the
size of the crystals as well as in the thickness of
the crystal layer (ref. 5). In the striola of the
macula utriculi, the crystal layer is thinner than on
either side, whereas on the macula sacculi the
crystal layer in the striola is thicker than on either
side. Moreover, in the striola of both maculae the
crystals are all small.

The statoconia have a specific gravity of about
2.71. Recently Veenhof (ref. 22) has shown that
each statoconium in mice contains two crystalline
substances, calcite and a crystalline organic sub-
stance of unidentified chemical structure. He con-

Ficure 7.—Statoconia from the macula sacculi of the
guinea pig. (X1840)

cluded that the formation of statoconia in the mouse
takes place from the 13th day of embryonic life
until some days after birth. After this period there
is no growth of statoconia.

Previous studies have indicated that the crystals
are vulnerable to fixatives and storage in the cold
(refs. 5 and 17), a fact of relevance when discussing
whether or not pathological changes are present.
In the present study some temporal bones revealed
a complete disappearance of the statoconia. In other
temporal bones the dissolution was incomplete,
leaving only the striola of the macula utriculi with-
out crystals. Furthermore, in some specimens giant
crystals were seen, which differed considerably in
both size and shape from normal statoconia (figs.
8 and 9). The observations described above were
made on fixed specimens; however, similar findings
were present in two “normal” guinea pigs, studied
under the dissection microscope less than 2 min-
utes after sacrifice and before fixation. This indi-
cates that dissolution of statoconia and changes in
the structure of the crystals may occur intravitally.
It may be added that light and electron microscopy
of the maculae in the two guinea pigs just mentioned
revealed normal sensory epithelia.

Scanning electron microscopy of statoconial mem-
branes from the cat in which the crystals had dis-
appeared allowed studies of the gelatinous substance.
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Ficure 8.—Giant crystals in the utricular macula of the cat.
These crystals differ both in size and form from normal
statoconia. ( X495)

Ficure 9.—Giant crystals from the utricular macula of the

guinea pig, surrounded by normal appearing crystals.
(X1350)

These studies support previous observations in light
microscopy of the guinea pig (ref. 5). The gela-
tinous substance had a fibrillar appearance and
showed a significant reinforcement of this fibrillar
structure in the striola (fig. 10) of both maculae.
The relationship between the cupula and the
epithelial surface has been a matter of dispute

Ficure 10.—Scarning micrograph showing the gelatinous
component of the statoconial membrane of the saccular
macula in the cat. The gelatinous structure shows a sig-
nificant reinforcement in the striola (between arrows).
(%X525)

(see ref. 5). Kolmer (refs. 23 and 24) was of
the opinion that the gelatinous substance extended
down to the surface of the sensory epithelium on
both cristae and maculae. On the other hand, a
subcupular space has often been described as a
slit between the epithelial surface and the gelatinous
substance. It must be emphasized, however, that
apparently all previous studies on this subject have
been based on fixed specimens. As already stated,
the gelatinous structure is extremely vulnerable to
fixation, especially just above the sensory epithelium
(ref. 23). The variation of opinions concerning the
depth of the subcupular space is obviously due to
difference in degree of shrinkage. This conclusion
is supported by the present study. Figure 11 shows
a definite subcupular space. Figure 12, on the other
hand, reveals fine threads of cupular substance ex-
tending down between the hair bundles; if there is
indeed a subcupular space, it is clearly less than in
figure 11. On the maculae, scanning electron micro-
scopy showed evidence of a direct contact between
the gelatinous substance and the sensory epithelium,
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Ficure 11.—Scanning micrograph showing the relationship
between the epithelial surface, the sensory hairs, and the
cupula in the cat. There appears to be a clear-cut sub-
cupular space, even though some fine threads of cupular
substance can be seen extending down between the hair
bundles. (X1250)

revealing a meshwork of fine threads, some of which
extended to the epithelial surface (fig. 13). This
indicates that there is no real subcupular space on
the maculae.

Each sensory cell is provided with a bundle of
hairs, consisting of one kinocilium and several
stereocilia. The stereocilia are anchored in the
cuticular plate of the sensory cell in a completely
regular pattern. The kinocilium is located at the
periphery of the hair bundle and is the longest of
the sensory hairs. The stereocilia vary considerably
in length, those nearest to the kinocilium being the
longest, and the length decreasing gradually with
increasing distance from the kinocilium (figs. 14 to
17). The position of the kinocilium on the free sur-
face of the sensory cell is eccentric. The sensory cell
is thus morphologically polarized, and the direction
of polarization is indicated by the position of the
kinocilium in relation to the stereocilia (figs. 14,
16, and 17). This morphological polarization coin-
cides with that of a functional polarization (direc-
tional sensitivity) of the sensory cells (refs. 1 and

Ficure 12.—In this scanning micrograph from an ampulla
of another cat, the subcupular space, if indeed there is any,
is clearly less than in figure 11. (X 2385)

Ficure 13.—Scanning micrograph showing the relationship
between the gelatinous component of the statoconial mem-
brane of the utricular macula and the epithelial surface
on the chinchilla. A meshwork of gelatinous structure is
seen between the hair bundles. This extends down to the
epithelial surface, indicating that there is no real sub-
cupular space. ( X4490)
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Ficure 14.—Scanning micrograph showing a hair bundle
on the utricular macula in the chinchilla. The kinocilium
(K), which is the longest of the sensory hairs, has an
eccentric position at the periphery of the hair bundle.
Thus the sensory cell is morphologically polarized. Arrow
indicates direction of polarization. The stereocilia show
stepwise decreasing length with increasing distance from
the kinocilium. ( X 10 125)

3). Thus a displacement of the sensory hairs in the
direction of the arrow in figure 14 is considered
to be accompanied by depolarization of the sensory
cell and an increased discharge rate in the afferent
nerve fibers (refs. 25 to 27). On the other hand, a
displacement of the hairs in the opposite direction is

Ficure 15.—Bundles of sensory hairs at the periphery of
the macula utriculi in the chinchilla. The stereocilia pro-
trude from the cuticular plate of the sensory cells. The
hair bundles have a more or less cylindrical form. Micro-
villi are seen on the supporting cells. ( X6160)

considered to result in hyperpolarization and a
reduction in frequency of impulses in the nerve
fibers. Since the functional polarization is reflected
in the organization of the hair bundles, a mapping
of the morphological polarization will show the
functional polarization (directional sensitivity) of
the same cells.

Recent studies have shown that the sensory cells
of the maculae and cristae are morphologically
polarized according to a definite pattern (refs. 1
to 4), a pattern which is basically similar in differ-
ent mammals, including man (ref. 5). The sensory
cells on any single crista are polarized in the same
direction. The sensory cells on the lateral crista are
polarized toward the utricle; those on the cristae of
the two vertical semicircular ducts, away from the
utricle.

Each macula is divided into two areas by an
arbitrary curved line, with opposite polarization of
the sensory cells on either side. This line is situated
in the middle of the striola. On the macula sacculi
the sensory cells are morphologically polarized
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Fi1cure 16.—Scanning micrograph showing hair bundles at
the periphery of the utricular macula in the guinea pig.
The sensory cells are all polarized in the same direction.
Note kinocilium (arrow), which is much longer than the
longest stereocilia. (X2640)

away from the line; on the macula utriculi, toward
the line. Thus the two maculae differ fundamentally
in polarization pattern. It is interesting that they
also differ in the general organization of the sta-
toconial membranes. The layer of statoconia in the
striola of the macula sacculi is thicker, whereas
the layer of statoconia in the striola of the macula
utriculi is thinner than on either side of the striola.

The organization of the hair bundles on the
maculae and the cristae is the same. However, the
hairs on the sensory cells of the cristae are recog-
nized as being generally much longer than the hairs
on the maculae (figs. 15 to 19). Furthermore, there
are in the guinea pig clear differences in the form
as well as in the length of the hairs between the cen-
tral and the peripheral areas of the sensory regions
(ref. 5). Such regional differences in the structure
of the hairs can be verified in the scanning micro-
scope (figs. 16 and 20 to 23), revealing new aspects
of the structure of the hairs. Similar findings were
made in the cat and the chinchilla. The hairs on the

Ficure 17.—Hair bundles in the periphery of the crista in
the guinea pig. The kinocilium (arrow) appears to be
much more flexible than the stereocilia. Numerous micro-
villi appear on the supporting cells. (X5180)

Ficure 18.—Sensory hairs at the periphery of the crista of
the chinchilla, bordering the planum semilunatum. The
hairs are much longer than in the maculae. ( X 1200)
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Ficure 19.—Sensory hairs bordering the planum

semilunatum in the guinea pig. ( X1100) Ficure 21.—Hair bundle in the striola of the macula utri-
culi in the guinea pig. The hairs are arranged mainly in
one direction, parallel to the striola. ( X8840)

Ficure 20.—Scanning micrograph showing hair bundles on
the macula utriculi in the guinea pig. The hair bundles
have a different appearance in the striola (between arrows)
from that on either side of the striola. ( X465)

sensory cells in the periphery of the maculae are
aggregated into distinct bundles, which have a rather
cylindrical shape close to the epithelial surface, the

Ficure 22.—Hair bundle from the striola of the macula
utriculi in the guinea pig. The stereocilia are club-shaped,
the distal portion being much thicker than the proximal.

stereocilia protruding from a more or less circular The longest stereocilia are definitely shorter than the long-

area of the cuticular plate. The stereocilia are all est stereocilia at the periphery. (X 9900)
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Ficure 23.—Hair bundle from the periphery of the same
utricular macula as in figure 21. The stereocilia are slen-
der, the distal portion being only slightly thicker than the
proximal. (X 16 500)

slender, the diameter of their distal part being only
slightly larger than the diameter nearer to the
epithelial surface. In the striola (fig. 20) the hair
bundles of the sensory cells with a large free-surface
area, which in the guinea pig represent type-I cells
(ref. 5), appear different. The hairs are arranged
mainly in one direction, parallel to the length of the
striola, and the hair bundles bear a striking re-
semblance to the hair bundles of the inner hair cells
in the cochlea (figs. 21 and 22). Furthermore, the

stereocilia show a distinct club shape, having a
much larger diameter in their distal portion than
toward the cuticular plate. Moreover, the hair
bundles are clearly shorter than in the periphery
of the maculae.

In the peripheral parts of the maculae the length
of the kinocilium clearly exceeded the length of the
longest stereocilia (fig. 16). However, this is not
true in the striola; on many of the large cells in
this area, no single hair clearly exceeded the others
in length. This observation makes it necessary to
ask whether some of these cells really lack a kino-
cilium as do the inner and outer hair cells of the
mature organ of Corti. The regional differences in
the structure of the hair bundles support the hypo-
thesis that the striola differs functionally from the
peripheral parts of the macula.

The present study revealed other aspects of the
structure of the hair bundles on the maculae and
the cristae. In the scanning electron microscope a
small number of the bundles differed from the rest
in that the stereocilia were fewer and, above all,
much shorter (fig. 24). However, the kinocilia of
these cells often appeared to be of normal length.
Before concluding that the short bundles represent
a normal variety, the objection must be considered
that the shortness of the stereocilia may be due to
preparation artifacts. It is known that the hair
bundles may suffer loss during preparation. In such
cases, however, the bundles are torn off at the
cuticular plates where the stereocilia are anchored
by their thin rootlets (fig. 25), and do not usually
break at a distance from the epithelial surface. The
short hair bundles thus seem to represent a normal
feature, a conclusion which is supported by the

observation that the bundles showed the normal

gradation in the length of the stereocilia. They
were observed both in the periphery and in the
striola, where they belonged to the cells with a
small free-surface area, the type-II cells (ref. 5).

There are clear regional differerices in the form
and size of the hairs on the sensory cells of the
cristae (ref. 5). The stereocilia in the periphery of
the epithelium are long and gracile compared to the
short, club-shaped hairs in the central parts. Figures
17 to 19 show hair bundles peripherally on the
crista at the border to the planum semilunatum and
reveal the kinocilia on one and the same side of the

bundles, indicating the direction of polarization.
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Ficure 24.—Scanning micrograph showing hair bundles on
the macula utriculi of the chinchilla. Some of the hair
bundles consist of stereocilia which are shorter (arrows)
than those normally seen; however, the kinocilium of
these cells often appeared to be of normal length. ( X 4650)

Ficure 25.—Scanning micrograph showing the epithelial
surface of a crista in the guinea pig. The stereociliar
rootlets are regularly arranged in the cuticular plates of
the sensory cells. Numerous microvilli are seen on the
supporting cells, (X6680)
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Habituation of Vestibular Responses: An Overview
Wirriam E. CoLLINS
Ciwil Aeromedical Institute, FAA

SUMMARY

An historical survey of vestibular habituation experiments has been undertaken. Mcthodological
problems are presented briefly, and the influence of arousal on vestibular responses is detailed. Data
obtained from animals and from man are treated separately. At least for man, the term “habituation”
may be better defined by a dynamic change in the form of vestibular responses than by a simple

response reduction.

INTRODUCTION

In vestibular physiology the term “habituation”
is frequently used interchangeably with “response
reduction” to indicate the effects of repeated stimu-
lation. This phenomenon differs from ‘“fatigue,” a
temporary state for which brief intervals of rest
are usually sufficient for recovery of the response,

’ a special type of response

and from “adaptation,’
decline—one that occurs during a prolonged stim-
ulus. More specifically, “habituation” refers to a
relatively long-lasting change; even extended rest
periods (48 hours to several weeks) may not be
sufficient to restore the response to its original level
or form.

The fact that reductions in vestibular responses
might occur with repeated stimulation was discussed
many years ago. Directional differences in the reac-
tions of experienced dancers were noted by both
Ruppert (ref. 1) and Barany (ref. 2) with reference
to nystagmus and by Abels (ref. 3) with reference
to dizziness. Responses obtained from such individ-
uals appeared weaker for the practiced direction of
turning. Abels (ref. 3) apparently borrowed the
term ‘“habituation” from Hitzig to describe the
gradually acquired ability to inhibit the symptoms
of seasickness. A large volume of literature on habit-
uation has developed since these early reports. Data
and views have at one time or another supported
the complete spectrum of possible effects of repeated
stimulation on vestibular responses (no change,
total suppression, response modification).

METHODOLOGICAL PROBLEMS

In spite of considerable literature regarding the
influence of repeated stimulation on human vestib-
ular nystagmus, there exists a surprisingly high
degree of uncertainty about many of the eflects.
This is due in part to questions related to arousal
factors, in part to the array of nonvestibular stimuli
present in various studies, and in part to methods
of obtaining and evaluating responses. With regard
to methods, nystagmus may be observed directly
by the examiner while the subject visually fixates
on some object, or, among a variety of other tech-
niques, electronystagmographic tracings or photo-
graphic recordings may be obtained (ref. 4).

All of the methods present some problems: Visual
fixation obviously interferes with the response (the
response is even distorted if the subject wears Fren-
zel glasses; ref. 3), and quantification, except for
duration, has to be limited to a rating at best. Al-
though recording provides the examiner with
greater security, testing in total darkness or with
eyes closed, in the absence of assigned tasks, prob-
ably puts the subject very nearly to sleep. Eye clo-
sure presents another problem; it is possible that
the eyes may eventually roll up in their sockets
{Bell’s phenomenon) as the subject relaxes in the
test situation, thereby possibly affecting the record-
ing by reducing at least the apparent amplitude of
the slow-phase displacement. Further, Fluur and
Eriksson (ref. 6) and Fluur and Mendel (ref. 7)

have demonstrated that eye closure can produce a
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spontaneous vertical nystagmus (most frequently
beating upward) or undulating movements of the
eyes. Such spontaneous responses do not occur with
eyes open in total darkness (ref. 7). Under the
open-eyes condition in darkness a large-amplitude
nystagmic eye-movement signal is obtained by cor-
neoretinal potential techniques. However, subjects
rapidly become unaware of the position of their eyes,
and it is possible that they may even close their
eyes without realizing it. Further, dark adaptation
has been shown to influence the corneoretinal po-
tential (refs. 8 and 9), the method most frequently
used to record nystagmus, and the fidelity of trac-
ings obtained by this technique is not always good
{ref. 10). All in all, there are problems associated
with any of the methods used; therefore, the method
must be kept in mind when considering reports of
results. Further, in evaluating changes in the nys-
tagmic reaction, the measure used may be of con-
siderable significance. Although duration of nystag-
mus has been traditionally the most commonly used
means of assessing vestibular reactivity, particularly
in clinical situations, it is also probably the least
indicative of changes. A thorough assessment re-
quires some combination of measures of slow-phase
eye displacement, velocity of eye movement, fre-
quency of nystagmic beats, and duration of the
response.

THE PROBLEM OF AROUSAL

Animals

Fearing and Mowrer (ref. 11) examined the
effects of anesthesia on habituation of rotation-
induced head nystagmus in pigeons. They reported
no habituation for anesthetized animals and a clear
reduction in nystagmus for undrugged birds. From
incidental observations made during that study,
Mowrer (ref. 12} became probably the first inves-
tigator to attempt to manipulate arousal factors and
examine their influence on vestibular responses.
Working with pigeons, Mowrer (ref. 12) differen-
tiated between “excited” and ‘“unexcited” condi-
tions, depending upon how the birds were prepared
for rotation trials, and reported longer durations of
nystagmus for the “excited” condition. His interpre-
tation, based also on previous studies, was that ex-
citement influenced the vestibular reaction but that
it could not account for all the reduction produced

by repeated stimulation. Similarly, Wendt (refs. 13
and 14) noted that immobilized animals might go
into sleeplike states (‘““animal hypnosis”) and that
various types of stimuli (e.g., auditory or tactual)
could restore alertness and reinstate an apparently
suppressed nystagmus. Hood and Pfaltz (ref. 15),
like Mowrer (ref. 12), reported temporary in-
creases in frequency of nystagmus from rabbits
when they appeared excited, and they further noted
that injections of adrenalin in rabbits that had
shown substantial response declines to repeated
rotation produced a partial recovery of nystagmus.
An identical result was obtained by Crampton and
Schwam (ref. 16), who used intermittent electric
shock and auditory signals as excitatory stimuli
during repeated rotation of cats.

Drugs have also been used to affect alertness.
Cramption (ref. 17) introduced the use of d-amphet-
amine in an effort to maintain arousal levels in
the cat; recorded amplitude of nystagmus was in-
creased, but the usual rapid reduction of nystagmus
occurred with repeated rotation. Dowd (ref. 18)
reported an increase in recorded amplitude, but no
change in phase relationships of nystagmus dur-
ing sinusoidal acceleration of cats treated with
d-amphetamine; sodium pentobarbital depressed
the response. On the other hand, Cenacchi, Fenu,
and Gabrielli (ref. 19) reported decreased nystag-
mus from rabbits with various amounts of d-amphet-
amine.

Wolfe (ref. 20) has noted that the dosage levels
of d-amphetamine that have been used to maintain
animal alertness may have some undesirable side
effects; some animals become ataxic and appear
to have vestibulo-cerebellar impairment. In addition,
the influence of the drug on eye-movement calibra-
tions has been neglected. The importance of the
latter was noted by Jongkees and Philipszoon (refs.
21 and 22), who reported enhancement of rabbit
nystagmus with hyoscine and also a slight increase
in the (corneoretinal potential) eye-calibration sig-
nal. Other drugs such as chlorpromazine and cin-
narzine, which have a soporific effect, have been
shown to reduce rabbit nystagmus (refs. 21 to 23)
without altering the eye-calibration signal (refs. 21
and 22).

Man

Although a number of early investigators (e.g.,
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refs. 1, 2, and 24) had noted eflects on vestibular
responses of “nervousness” or ‘“arousal,” Wendt
(ref. 14) was apparently the first to attempt a defi-
nition of “excitement” or “arousal” in terms of
conditions basic to the state of the subject, and to
relate these to the problem of habituation. He cited
two factors in habituation: In one case, repeated
rotatory stimulation under conditions that provided
opportunities for visual fixation would result in an
increasing dominance of the visual stimuli and
thereby inhibit nystagmus; in the other case, under
conditions of darkness an “inward orientation of
attention” would account for nystagmus reduction
while an “environment-directed orientation” would
restore nystagmus or prevent its decline.

Based primarily on Wendt’s notions (ref. 14)
regarding mental or attentional states, Collins,
Crampton, and Posner (ref. 25) evaluated several
instructional procedures aimed at controlling alert-
ness during rotational stimulation of human sub-
jects (tested with eyes open in total darkness) and
demonstrated that both quantity and quality of
nystagmic output could be manipulated in the same
subject by instructions regarding mental activity.
If subjects were asked to relax, daydream, and pur-
sue no particular line of thought (reverie), rela-
tively weak nystagmic responses were recorded;
vigorous nystagmus was obtained when the same
subjects performed continuous mental arithmetic
{successive division) or signaled turning sensations
in 90° intervals (cf. refs. 26 and 27). Several other
studies (refs. 28 to 30) reported that mental tasks or
increased alertness would produce a regular nystag-
mus in place of dysrhythmic responses (see fig. 1),
or would prevent apparent adaptation from occur-

ring (refs. 31 and 32).

The results of subsequent research (refs. 33 to
37) pointed to the fact that inward-directed versus
outward-directed orientations probably do not ac-
count for the influence of the instructions on nys-
tagmic output, since both reverie and mental
arithmetic may be classified as inward-directed.
(See fig. 2.) What appears to be of importance is
that the subject be in a sufficiently aroused or ac-
tive mental state, whether the arousal arises from
attending to his sensations, pursuing a particular
line of thought, performing mental calculations, or
responding to auditory or other stimuli. It should
be noted that not all instructions are effective in
this regard. Some tasks, such as counting, may not
produce any noticeable effect on nystagmus (ref.
38), while others, such as tasks involving timing
behavior, appear to require relatively little atten-
tion with repetition (ref. 33).

That assigned tasks or instructions regarding
mental activity are important in maintaining vigor-
ous nystagmus or restoring a deteriorated response
has been confirmed in a number of studies (e.g.,
refs. 39 to 45). Instructions have heen effective with
caloric irrigations (refs. 34, 36, and 46), with drugs
(refs. 47 and 48), with alcohol (refs. 49 and 50),
with positional alcohol nystagmus (ref. 51), and
when used in conjunction with hypnosis (ref. 52).
Under some laboratory conditions, mental tasks
appeared effective in reducing or preventing motion
sickness occasioned by unusual vestibular stimula-
tion (refs. 53 to 55). Further, the absence of alert-
ness or arousal, whatever its neuro-psycho-physio-
logical cause, is probably a major factor in vestib-
ular findings that indicate substantial or total
suppression of nystagmic responses in schizophrenic
patients (e.g., refs. 56 to 59). Patients who show
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Ficure 1.—The effect on vestibular nystagmus of alerting a subject. The vertical bars demarcate
the period of angular deceleration, which was 13 s at 41°/s?; the arrow denotes the point at which
the subject (eyes open in darkness) was given an alerting task. A 20° eve calibration appears at
the end of the tracing. (Reprinted with permission from ref. 35.)
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these subnormal vestibular reactions are frequently
characterized as apathetic, indifferent, lacking in
initiative, and showing a poverty of mental content.

SURVEY OF STUDIES OF ANIMALS
Rotation-Induced Nystagmus

Abels (ref. 3) apparently began experimental
evaluation of the habituation of head after-nystag-
mus in pigeons. Using a cage suspended from cords
which were twisted and then allowed to unwind,
Abels observed the intensity of the jerks of nystag-
mus following an abrupt stop of the rotation under
conditions either permitting or excluding vision,
He noted a marked habituation with repetition un-
der the former condition, and a considerable but
lesser response reduction under the latter condition.
Abels (ref. 3) reported that the reduction was
directionally specific; after repeated rotation in
one direction, a reversal of direction would elicit
a vigorous response.

The reduction of head after-nystagmus in pigeons
tested in the light was confirmed by King (ref. 60)
and by Huddleston (ref. 61). Huddleston indicated
that the decline was more rapid for squabs than for
older pigeons and noted that head after-nystagmus
could be completely inhibited by visual stimuli in
combination with voluntary movements of the head.
Further, although birds rotated in the dark showed
a compensatory head movement upon which nystag-
mus of relatively low amplitude was superimposed,
birds rotated in the light showed little compensa-
tory positioning of the head and a relatively higher
amplitude of nystagmus.

King (ref. 60) confirmed Abels’ finding (ref. 3)
of the lesser reduction of nystagmus with vision
excluded by testing blind birds, while Fearing (ref.
62), rotating hooded pigeons alternately clockwise
and counterclockwise, reported significant reduc-
tions in frequency and duration of head after-
nystagmus with no apparent effect of one direction
of stimulation upon the other (i.e., the responses
for each direction appeared to decline indepen-
dently). In later studies, Fearing (refs. 63 and 64)
massed the habituation trials (61 stimulations in a
single session) for one group of birds and spaced
the habituation trials (10 trials per day for 14
successive days) for other birds; the animals were
then subdivided into smaller groups, and each

group was retested at a different interval ranging
from 2 to 32 weeks. The data led Fearing (ref. 64)
to conclude that spacing the habituation trials led
to greater retention of habituation than did massing
the trials in a single session. Brown (ref. 65) con-
firmed this effect with ocular nystagmus in cats.

King’s study (ref. 60) also introduced a finding
that has yet to be experimentally resolved; i.e., in
tests following habituation stimuli, the number of
nystagmic head movements declined more when the
pigeons’ heads were fixed (restrained) during the
habituation series than when they were free to move
in the horizontal plane (vision permitted in all
cases). Lumpkin (ref. 66), rotating a single rabbit
in the light in an extensive series of tests (142 days),
used a head-holder for most of the trials, but tested
the animal with its head free on specific occasions.
He found considerable differences in the frequency
and duration of ocular nystagmus (although hoth
showed habituation) for the two conditions and con-
cluded that head-fixed and head-free habituation
were not the same. Earlier, Maxwell, Burke, and
Reston (ref. 67) claimed that ocular nystagmus was
reduced in the light when rabbits’ heads were free
more than when they were fixed. However, they
simply noted the results of the habituation series for
their animals (i.e., there was no pretest-to-posttest
comparison of the groups under the same condi-
tions) and, initially, the head-free group had dura-
tions which were approximately 30 percent shorter
and frequencies of nystagmus which were about 50
percent less than the head-fixed group.

Mowrer’s study (ref. 68) of the influence of vision
on habituation of head nystagmus in pigeons also
contained differences related to head-free stimulus
conditions. Mowrer (ref. 68) reported that pigeons
tested in darkness showed little or no habituation
of the duration of after-nystagmus following a large
number of rotations with heads free in illumination,
and a clear (directionally specific) decline when
the heads were fixed and the room was illuminated
during the habituation series. Similarly, when vision
was permitted and a striped drum forming a wall
around the turntable was rotated with the turntable
during the habituation series (thereby preventing
optokinetic nystagmus), only a slight bidirectional
reduction of head after-nystagmus was obtained
during posttests in darkness. (Use of the striped
drum also produced very little after-nystagmus dur-
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ing light trials, and repeated stimulation resulted
in abolition of the response.) However, when the
habituation series was in darkness, bidirectional
nystagmic reductions were obtained for both the
head-fixed and head-free conditions, although, con-
trary to results reported by King (ref. 60) for tests
in which vision was always permitted, response
attenuation was greater for the head-free condition.
The complete lack of a decline of nystagmus in the
dark following repeated head-free stimulation in
the light and a directionally specific decline follow-
ing head-fixed stimulation in the light are difficult
to explain, since Mowrer (ref. 68) employed ap-
proximately equal rates of acceleration and decelera-
tion during the habituation trials. However, the
experiment was a complex one involving head-fixed
and head-free conditions; ocular nystagmus with
and without head nystagmus; optokinetic nystag-
mus, enhancing vestibular nystagmus in one direc-
tion and opposing it in the other; compensatory
head positioning allowed to occur with free heads
and prevented with fixed heads; and the possibility
that head position varied among the conditions.
Mowrer (ref. 69) later examined the effects of inter-
acting vestibular and optokinetic stimulation with
pigeons. He indicated that, when vision was per-
mitted during and after rotation, after-nystagmus
was inhibited by (1) the tendency to fixate visually
on some object, (2) the tendency for an optokinetic
response to persist after cessation of rotation, and
(3) the tendency for optokinetic head movements
during rotation to stimulate the semicircular canals
in a way which counteracted the vestibular stimulus
occasioned by a deceleration.

King (ref. 60) had also reported that decerebrate
pigeons with heads fixed in the light showed less
habituation than did normal birds. Halstead (ref.
70) and Halstead, Yacorzynski, and Fearing (ref.
71), using hooded pigeons, found a significantly
greater decline in duration of head after-nystagmus
in normal birds than in those with cerebellar lesions.
Another group of normal birds received a similar
series of rotations and demonstrated the same re-
sponse reduction; half of the birds were then sub-
jected to cerebellar operations. Two weeks later
birds with cerebellar lesions showed significant
recovery of nystagmus; those that had not been
operated on showed no change from the habituated
level. Similar findings were obtained from yet an-

other group with a 4-week interval. In both control
and decerebrate birds, some habituation was still
present after a 3-month interval. Moreover, sub-
stantial (control birds) to complete (birds with
lesions) “transfer of habituation” was obtained to
rotation in the opposite direction. The latter result
confirmed the findings of Mowrer (ref. 68), al-
though “transfer” may be an inappropriate term,
since the acceleration stimulus used during habitua-
tion trials almost surely was of high magnitude and
brief duration.

The question of transfer of habituation to the
opposite direction of turning as cited by Halstead
(ref. 70) and by Abels (ref. 3) involves some con-
fusion regarding stimulation (cf. figs. 3 and 4).
Early investigators sometimes overlooked the fact
that a rotating subject brought to an abrupt stop
actually received vestibular stimulation in both
directions (in one direction during acceleration, and
in the opposite direction during deceleration). In
Abels’ situation (ref. 3), the acceleration rate was
probably of lower magnitude than that of the
deceleration (brake stops) ; with Halstead (ref. 70),
the rates were probably approximately equal. In
examining only deceleration responses, and in re-
versing the direction of turning after a habituation
series, one would expect an equally reduced response
if the rates of acceleration and deceleration during
habituation had been approximately equal (see fig.
4) or, if the rate of the latter were higher, the
“unhabituated” direction might be expected to yield
a relatively stronger response than that finally evi-
denced in the “habituated” direction. Data from
the two studies support these expectations, and the
expectations themselves are based on studies by
Griffith (ref. 72) with white rats and by Maxwell
et al. (ref. 67) with rabbits, which showed a con-
siderable reduction in frequency and duration of
ocular nystagmus following repeated abrupt stops
of rotation. When the stopping was then attempted
from a faster rate of motion, a more vigorous and
longer-lasting nystagmus was elicited. (Even this
response, however, was less than that obtained from
an identical stimulus prior to the habituation trials.)

Most of the investigations cited above have
examined habituation of head after-nystagmus. Be-
fore beginning a more thorough look at the habitua-
tion of ocular nystagmus, one further study might
best be considered here. Fukuda, Hinoki, and Tokita
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Ficure 3.—Directional specificity of habituation of ocular
nystagmus in a cat and a dog. A series of 15 clockwise
angular accelerations (decelerations were subthreshold)
was administered between the pretests and posttests. A
directionally specific reduction is evident. The animals
were rotated under head and body restraint in total dark-
ness (cf. ref. 84). Vertical bars demarcate the stimulus
period; optokinetically derived calibration markers indi-
cate 40° eye excursions. Similar effects are obtained from
other animals. (Reprinted with permission from ref. 90.)

(ref. 73) rotated unrestrained, blindfolded leghorns
on perches. During accelerations, these birds showed
the usual head deviation opposite to the direction of
turn, followed by an appropriate head nystagmus.
Upon stopping, the head deviation and nystagmus
were in the opposite direction. In tests following
repeated exposure to rotation in both directions,
the birds still showed a head deviation opposite to
the direction of acceleration, but now nystagmus
was very brief; moreover, this attenuated nystag-
mus was followed by a deviation of the head in the
direction of the turn. The head remained in this
position until rotation ended; the head then de-

HABITUATION OF VESTIBULAR RESPONSES: AN OVERVIEW 163

TRIAL CAT NO. 124

~|\ka NP AR A _Nv\,]‘\f VAR NN o i
A T VL R i Ve Y A

ki_/\f\w\,\/\_”'\’vu\,\d\/‘\/\/\/\\/\J\N\/\/\}J\rﬂj\—/” T
15
2 — T T 50"
2 Sec
CAT NO. 149

f

ﬁl NN Y f\[\'m'w'\[\ AN ‘I‘\{\/\fm.(\y‘;\v"\!\“ ‘}M WA

T /i/ Y A AN A e e
— I TN TN DA NS \I\.’\”“'\/\/\'V\/V*’\r/\/\;'\f‘.\[\J‘\/—"\/f\/w S v N
.
15 SN ANV NAN AN T e e T T — - 5,0.
2 Sec

CAT NO. 130
/|’ R N N A N A I A N N
e

\}—\4/‘/\/ A /\/\/\/\/mew/‘/\/\/v\,\fm/v\,i/‘/\/\/v\/*\ e
e

L e
T T—— S

50°

2 Sec

Ficure 4.—Equal rates of repeated accelerations and de-
celerations produce equal reductions in both directions of
nystagmus (cat no. 130). Responses need not be per-
mitted to run their course in order for the reductions to
occur; cat no. 149 received 15 accelerations which were
followed within 0.6 s by decelerations (arrows). Cat no.
124 shows the usual reduction in all phases of the
nystagmus response as a result of 15 unidirectional stim-
ulations: strong secondary nystagmus is also evident
during the first trial. Vertical bars demarcate the stimulus
periods; dots in the lower tracings indicate approximately
80 s of recording not shown (ref. 96).

viated even further in the direction of the previous
turning, a brief nystagmus occurred, and the head
returned to the midline. These opposite reactions,
conditioned by practice, were accompanied by im-
proved equilibrium during rotation.

As noted earlier, Maxwell et al. (ref. 67) reported
reductions of ocular nystagmus from rabbits as a
result of repeated rotation with vision permitted.
Maxwell (ref. 74), Pilz (refs. 75 and 76), Lumpkin
(ref. 66), and Henderson (ref. 77) confirmed this
finding. Maxwell and Pilz (ref. 78) compared ny-
stagmic reductions for groups of rabbits (with their
heads apparently fixed) rotated in the light and in
total darkness. A greater percentage of decline in
number of eye movements was obtained for the
latter group. However, these findings simply re-
flected the results of the habituation series, and
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optokinetic stimuli were present throughout the
light trials. Henderson (ref. 77) noted that rabbits
which no longer showed after-nystagmus following
repeated stimulation in the light would evidence a
vigorous response if they were then blindfolded.
Some further tests led him to agree with the con-
clusions of Mowrer (ref. 69) regarding the influence
of optokinetic stimuli.

Maxwell et al. (ref. 67) also reported that, fol-
lowing habituation to rotation, rabbits gave “nor-
mal” responses to caloric irrigations. Hood and
Pfaltz (ref. 15) made a similar observation with
rabbits tested in the dark, and Collins (ref. 79)
obtained the same results from cats. However, the
animals’ heads were fixed at different angles for
rotation as opposed to caloric trials in the latter
two investigations, and head position was not speci-
fied in the Maxwell et al. study (ref. 67). It has
been suggested (refs. 80 to 82) that differences in
the orientation of specific and nonspecific gravi-
receptors for the two types of test situations might
account for the failure to obtain transfer of habitua-
tion from rotational to caloric stimulation.

Hood and Pfaltz (ref. 15) also reported that the
response decline obtained by repeated rotation did
not show recovery upon retest 2 weeks later. Other
tests showed that the interval between stimulations
did not affect the course of habituation; i.e., that
the number of stimulations performed was critical,
regardless of the interval between tests.

More recent investigations have dealt primarily
with ocular nystagmus in the cat and have prob-
ably effected better overall control of stimulus con-
ditions. Although Prince (ref. 83) reported no
change in the duration of after-nystagmus in cats
subjected to over 1000 rotation tests, all more re-
cent investigations show clear response reductions
following repeated rotatory or caloric stimulation.
In all of the studies cited below, the heads of the
cats were fixed by special restraining techniques
(almost invariably that of Henriksson, Fernandez,
and Kohut, ref. 84), and electronystagmographic
methods were used to record eye movements. Un-
less otherwise indicated, rotatory stimuli comprised
accelerations and decelerations separated by 1 to 3
minutes of constant velocity. Unidirectional rotatory
stimulation involved deceleration at stimulus rates
below the threshold for eliciting nystagmus.

Crampton and Schwam (ref. 16) and Crampton

vr

(ref. 17) reported a marked reduction of ocular
nystagmus in cats during the course of a 12-trial
series of angular accelerations in darkness. Auditory
stimuli or electric shock interspersed throughout a
trial produced only partial recovery of habituated
nystagmus. The response decline occurred both
within a 12-trial series and over the course of
similar series administered once a week for 6 weeks.
Fairly strong doses of d-amphetamine injected
into previously untested cats appeared to pro-
duce a higher-than-normal amplitude of nystagmus
throughout habituation trials, but the response
showed the same form of reduction as that of un-
drugged cats subjected to the same tests (ref. 17).
The drug does not appear to affect the time course
of nystagmus (ref. 85).

Both Crampton (ref. 17) and Collins (ref. 79)
have defined the reduction of nystagmus in the cat
as an overall suppression. The greatest decline oc-
curs within the first five stimulations; peak slow-
phase eye displacement is sharply reduced, duration
of the response becomes attenuated, frequency de-
clines, and secondary nystagmus (a response which
follows and is opposite in direction to the primary
response; cf. ref. 86) begins earlier and is of lower
output with stimulus repetition. The same effects
occur with prolonged angular accelerations (36
seconds), and a progressively earlier peaking of
the response with a declining output during angular
acceleration becomes clearly evident with repeated
tests (refs. 85 and 87).

Crampton (ref. 88) also subjected groups of cats
treated with d-amphetamine to a unidirectional
series of six habituation trials in total darkness. An
evaluation of pretests and posttests which com-
prised stimulation in both directions led Crampton
to conclude that habituation was directionally spe-
cific. Brown and Marshall (ref. 89) confirmed these
results with d-amphetamine but reported complete
recovery of nystagmus after 1 week. They related
the latter point to Fearing’s work (refs. 63 and 64)
on “massed” and “spaced” practice with pigeons
and to a study by Brown (ref. 65) in which separate
series of unidirectional angular accelerations in
darkness were administered to groups of cats. The
series for each group were present at different in-
tervals (1 to 14 days). An additional series was
given to all cats 2 weeks later, and a final series
was presented 1 month after that. The habituation
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occurred equally for all groups in spite of the dif-
ferent times between series, but recovery (partial)
after rest intervals was clearly affected. Groups with
the shortest intervals between series showed the most
recovery; those with the longest intervals between
series showed no recovery.

Response reductions were also obtained by Col-
lins and Updegraff (ref. 90) from both cats and
dogs subjected to unidirectional habituation trials
in total darkness. Duration, frequency, and slow-
phase measures of nystagmus all showed declines,
with duration yielding the least reduction and slow-
phase eye movement the most (see fig. 3). Responses
to stimulation in the opposite direction were more
vigorous, but such that the authors concluded that
habituation might be only relatively specific to
direction. Following 1 week of rest, only partial
response recovery was obtained (ref. 90). Similarly,
Winget and Smith (ref. 91) reported a reduction in
the duration of ocular after-nystagmus from re-
strained chickens (eyes closed) repeatedly decele-
rated from 32 rpm. Winget, Smith, and Kelly (ref
92), however, indicated that such study declines did
not occur if animals were exposed to long periods
of centrifugation (1.5 to 2.0 g) between habitua-
tion stimuli. These authors suggested that centrifu-
gation might alter the functional characteristics of
the labyrinth by inducing structural or chemical
changes.

Crampton (ref. 93) examined the influence on
habituation of optokinetic stimuli (room lights on
during accelerations and for 30 seconds thereafter)
during unidirectional rotatory stimulation of cats.
Whether the optokinetic response enhanced (one
group) or opposed (another group) the vestibular
nystagmus, the same amount of habituation was
evident in pretests and posttests conducted in total
darkness as occurred with a group of cats given the
same habituation series (eight rotations) in total
darkness.

Later, Crampton and Brown (ref. 94) reported
that repeated unidirectional rotatory stimulation of
the vertical semicircular canals (in darkness) had
no effect on responses of the horizontal canals; i.e.,
there was no transfer of effects from vertical-canal
stimulation to the horizontal canals. Although these
authors apparently did not record the vertical ny-
stagmus, Collins (ref. 81) demonstrated habituation
of all aspects of that response in a series of unidirec-

tional habituation trials in darkness with the animals
restrained and placed on their sides. Pretests and
posttests showed that the habituation was relatively
specific to the direction of nystagmus elicited during
practice and, moreover, was relatively specific to
the position of the otoliths and other gravireceptors
(see fig. 5); the latter pretest-to-positest com-
parison was accomplished by placing the animals
on the side opposite that maintained during habitua-
tion (i.e., changing their positions by 180°), there-
by stimulating the same set of canals, but with the
otoliths and other gravireceptors in a new position.
A similar study by Collins and Updegrafl (ref. 95)
demonstrated in parrots the same possibility of the
specificity of habituation of vertical-canal responses
to the position of gravireceptors.

Collins (ref. 96) noted no significant effect on
habituation of nystagmus in darkness when phy-
sically equivalent accelerations and decelerations
followed each other within less than a second, i.e.,
the deceleration stimulus was applied during the
peak of the nystagmic response to acceleration,
thereby interrupting that response; nystagmus oc-
casioned by deceleration was permitted to run its
course. Habituation was obtained for both direc-
tions of response (evaluated in separate unidirec-
tional pretests and posttests) and was of the same
magnitude as that obtained both from a group of
cats exposed to 2-minute periods of constant velo-
city between accelerations and decelerations (both
directions of response permitted to run their course)
in a similar habituation series, and from another
group that received unidirectional habituation (sub-
threshold decelerations). The latter group also con-
firmed the relative directional specificity of habitua-
tion (see fig. 4).

Caloric-Induced Nystagmus

With the exception of Dunlap’s (ref. 97) use of
unilateral ice-water irrigations with two rabbits,
caloric habituation studies of animals have been
largely restricted to cats. Dunlap (ref. 97) calorized
a single ear of each rabbit in the light three times
daily every other day for a total of 39 to 48 trials.
No ocular nystagmus was elicited following the
24th trial in one animal and following the 33rd
trial in the other. Retests a month later showed
recovery; nystagmus was obtained during the first
5 to 6 days of this new series, which was continued
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Ficure 5.—Specific and nonspecific gravireceptors interact with the semicircular canals in the
reduction of vertical nystagmus by repeated rotation of birds (ref.95) and cats (ref. 81). The ocular
tracings above were obtained from a parrot that was exposed to 15 unidirectional accelerations
with its head and body fixed in a beak-down position. Pretests and posttests involved both direc-
tions of rotation with the beak down (habituated head position) and both directions of rotation
with the beak up (unhabituated head position). Nystagmus reduction was relatively specific to
both the head position used and the direction of nystagmus elicited during the habituation series.
Vertical bars demarcate the acceleration period; a calibration marker appears at the bottom right
of the chart. (Reprinted with permission from ref. 95.)

for 1 to 2 months. The opposite ear was then irri-
gated and yielded some response, but the reaction
was clearly weak; several days of irrigation even-

tually abolished this nystagmus. The rabbits next rotatory stimulation.
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no caloric nystagmus, but both gave vigorous re-
sponses to rotation. The heads of the animals may
have been in the same plane for both caloric and

were rotated and showed no nystagmic response to
stimulation of the horizontal or of the vertical
(animals placed on their sides) semicircular canals.
When retested 6 months later, the rabbits showed

Henriksson, Fernandez, and Kohut (ref. 84)
calorized cats in the light and reported a reduction
of nystagmus (particularly maximum eye speed)
following several stimulations. In another study



which permitted vision (ref. 98), 10 irrigations,
alternately warm to one ear and cool to the other
(each driving nystagmus in the same direction),
produced more habituation and at a faster rate than
that obtained by 10 irrigations of one ear with a
single temperature of stimulus; a following irriga-
tion drove nystagmus in the opposite direction and
produced vigorous nystagmus; i.e., there was no
transfer of habituation to the unpracticed direction
of response. In another series of tests, cats were
given 10 irrigations of one ear alternately with cool
and warm water; another group received a single
temperature of stimulus alternately to each ear. Both
procedures reduced maximum eye velocity, but the
second procedure seemed more effective, in agree-
ment with the related finding noted above. Further
tests showed that the same pattern of habituation
was obtained whether 10 irrigations were separated
by 5-minute intervals or by 24-hour intervals, and
that response declines persisted for 2 to 3 weeks.
Transfer of unidirectional habituation was exten-
sively examined. Different groups were given 10
calorizations of a single ear with cool or with warm
water, and the same ear was then irrigated with
the opposite stimulus temperature (driving nystag-
mus in the unpracticed direction) ; normal responses
were obtained. Other animals received 10 cool
stimuli in the right ear and then, in separate tests,
warm water to the same ear and both warm and
cool water to the left ear. Nonequivalent stimuli
(i.e., stimuli that would drive nystagmus in the
unpracticed direction) produced vigorous responses,
regardless of the ear tested; equivalent stimuli pro-
duced a reduced response. When animals were given
10 irrigations alternating warm and cool water to
one ear or using cool water alternately presented to
each ear (in both cases nystagmus was driven alter-
nately to the left and the right), a bidirectional
decline was obtained, and any following irrigation
stimulus (cool or warm applied to either ear) re-
vealed complete transfer of habituation. Fernandez
and Schmid (refs. 99 and 100) noted that the re-
duction of nystagmus was most apparent in the
frequency of eye movements and in velocity of the
slow and fast components, while duration and ampli-
tude of nystagmus might not be affected. Habituation
was also obtained from cats with total ablation of
the neocortex, with unilateral or bilateral ablation
of the temporal lobes, and with hemidecortication.
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(ref. 101) examined
blindfolded cats with unilateral irrigations and ob-

Proctor and Fernandez

tained a clear response decline in frequency and
amplitude of nystagmus (the latter was not obtained
in the studies that permitted vision), and in the
velocity of both the slow and fast components.
After habituation, blindfolds were removed and an
additional test was conducted. Neither direction,
nor frequency, nor total number of eye movements
was affected (i.e., they were still at the habituated
level), but both amplitude and velocity of nystagmus
were increased. Pretests and posttests indicated
transfer of habituation for an equivalent stimulus
presented to the nonhabituated ear; nonequivalent
stimuli presented to either ear showed some re-
sponse reduction (partial transfer). Tests con-
ducted 2 to 12 days later showed only partial re-
sponse recovery.

Collins (ref. 80) confirmed the response reduc-
tion with unilateral caloric irrigations in the dark
and noted that the greatest decline occurred within
the first five trials. The relative directional speci-
ficity of reduction was also confirmed by use of
equivalent and nonequivalent unilateral stimuli fol-
lowing habituation. Further, unidirectional rotation
tests in total darkness, conducted before and after
the habituation series, showed only a small change
in nystagmic output. Thus, contrary to Dunlap’s
findings with rabbits (ref. 97), the response de-
cline following caloric stimulation did not show
significant transfer to rotational stimuli. However,
the animals’ heads were positioned diflerently for
the two stimulus conditions in Collins’ study (ref.
80).

In other transfer experiments, Capps and Col-
lins (ref. 102) and Mertens and Collins (ref. 82)
employed both bilateral (simultaneous stimulation
of one ear with warm water and the other with cool
water) and unilateral irrigations in total darkness.
A 17-trial series (15 trials plus pretest and posttest)
produced significant decrements in slow-phase eye
movement and frequency of nystagmic beats (dura-
tion was not markedly affected) for either unilateral
or bilateral stimulation (see fig. 6). Retention tests
were conducted 1 to 4 weeks later and showed
partial recovery, which appeared somewhat greater
after 4 weeks than after 2 weeks; however, nystag-
mus appeared to decline more rapidly with several

repetitions of the retention-test irrigations. In
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Ficure 6.—Caloric nystagmus during the first and last trials of a 17-trial series of unilateral ice-

water (IW) irrigations of the right ear. The response is clearly reduced following the caloric
habituation series. After 2 weeks, there is some recovery of the responses from the right ear, but
the directional specificity of the reduction is still evident when comparisons are made with re-
sponses from the left ear. Vertical bars indicate the end of the irrigations; optokinetically ob-
tained calibration markers appear at the right, below each pair of tracings. (Reprinted with
permission from ref. 102.)

posttest unilateral stimulus were reduced to an ap-

examining transfer, Capps and Collins (ref. 102)
gave three groups of cats a pretest and a posttest
comprising a mild unilateral stimulus (26° C to
the right ear);
series of 17 such irrigations,
groups received a bilateral series (26° C to the
right and 50° C to the left ear) of 15 habituation
trials for a duration of 25 s in one case and 30 s
in the other. (Increasing the duration of a bilateral
stimulus up to at least 30 s produces a stronger
nystagmus; see also ref. 103.) Responses to the

one group received a habituation
and the other two

proximately equivalent level for all three groups.
Thus, habituation to bilateral calorizations trans-
ferred to a unilateral stimulus of less intensity.
Similarly, three new groups received a strong uni-
lateral stimulus (ice water) during pretests and
posttests; one group was exposed to unilateral ice-
water habituation; the other two were habituated
with bilateral irrigations of 15- and 20-s duration,
respectively, Although bilateral stimuli produced
weaker responses initially than did the unilateral
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irrigation, responses to the posttest unilateral stim-
ulus were reduced approximately equally for all
groups. Thus, habituation to bilateral calorizations
transferred completely to a unilateral stimulus of
greater intensity (ref. 102). Further, no effect of
the habituation series was evident for optokinetic
responses (rotation of a striped drum).

Later, three different intensities of unilateral stim-
ulation were applied to three groups of cats in a
15-trial habituation series (ref. 82). Pretests and
posttests indicated that all of the unilateral habitua-
tion stimuli produced as great a response reduction
to bilateral caloric stimuli as did a series of 15
bilateral irrigations. Thus, unilateral caloric ha-
bituation transferred to bilateral caloric stimula-
tion. Additional pretests and posttests involved
rotation. Bilateral caloric habituation appeared to
have relatively little effect on responses to rotation.
Similarly, a group of cats exposed to a series of
unidirectional rotations were given pretests and
posttests with bilateral calorizations (all driving
nystagmus in the same direction) ; habituation was
obtained to the rotatory stimulus, but no significant
effects on caloric nystagmus were obtained (ref.
82). These results confirmed previous findings by
Collins (refs. 79 and 80) that showed relatively
little intermodal transfer of habituation (head posi-
tion was different for caloric and rotational trials
in these studies), but did not agree with Dunlap’s
results (ref. 97).

A study by Collins (ref. 104) examined the ef-
fects of “double irrigations” (simultaneous hinaural
irrigation with water of equal temperatures) on
habituation in the dark. The double irrigation
drives the cupulae in opposite directions, thereby
cancelling horizontal nystagmus (weak vertical
nystagmus may sometimes be produced; cf. ref.
105). Pretests and posttests with unilateral irriga-
tions of the same stimulus temperature indicated
that the series of double irrigations produced no

nystagmic habituation (see fig. 7).

SURVEY OF STUDIES OF MAN

Rotation-Induced Nystagmus
As noted earlier, Ruppert (ref. 1) and Barany
(ref. 2) reported a unidirectional reduction of
nystagmus from dancers who habitually whirled in
one direction. In more recent times, Fukuda, Tokita,

Hinoki, and Kitahara (ref. 106) have cited shorter-
than-normal durations of nystagmus not ouly for
dancers but for athletes as well. Schoolboys involved
in a program of vestibular self-stimulation in play
activities are revported to show progressively at-
tenuated nystagmus which is interpreted as an im-
provement of the labyrinthine function by training;
athletic ability is concomitantly enhanced (ref.
106).

In laboratory studies, Griffith (ref. 24) rotated
subjects (including himself) in the light and
reported attenuation of the duration of nystagmus
and of the number of eye movements both within a
daily series of tests and from day to day; only
minor recovery was evident after 2 months of rest.
He also noted that, when a rotating subject was
stopped and then moved back one quarter turn, a
markedly reduced nystagmus duration was oblained.
(This probably has implications for “head-free”
rotation studies of animals.) Four years later, with
no intervening tests, Griflith (ref. 107) conducted
another series of rotations on himself in the light
and reported some recovery of nystagmus duration
and number of eye movements (the responsc had
been abolished after 135 trials in the earlier study),
but the nystagmus was not so vigorous as it had
been initially, and now only 35 trials were required
to abolish the response.

Six subjects in another study (ref. 108) were
given a daily series of rotations. After-nystagmus
was timed in the light following one revolution of
the turning device; when subjects no longer showed
any nystagmus, the number of revolutions was in-
creased to lwo, then to three, and so on. Pro-
gressively more trials were required to inhibit after-
nystagmus completely as the number of revolutions
increased. None of the subjects experienced vertigo
at any time, and at the end of the study none showed
past-pointing. Griffith (ref. 109) also reported that
visual far-fixation after a brake deceleration pro-
duced twice the duration and frequency of nystag-
mus as did near-fixation. Subjects with their gaze
directed laterally (in the direction of the fast phase)
showed an enhanced duration, but, this too became
attenuated with repeated practice. Preventing visual
fixation (e.g., with 20-diopter lenses) doubled the
duration of after-nystagmus. However, even in the
absence of visual fixation, duration of nystagmus

declined with repeated elicitation.
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Ficure 7.—Repeated peripheral stimulation does not necessarily cause a reduction of vestibular
nystagmus. The tracings depicted above are from a cat that recetved 15 double irrigations (ad-
ministration of 26° C water to both ears simultaneously) between the unilateral pretests and post-
tests. Vertical bars denote the end of the irrigation period; all trials were in total darkness.

(Reprinted with permission from ref. 104.)

Holsopple (ref. 110) reported attenuation of
after-nystagmus with repeated practice in the light
for several rates of deceleration. Subjects were then
rotated while wearing 20-diopter lenses and, al-
though they showed an increased nystagmus time,
durations were still below initial reactions. One
subject was then blindfolded and the duration of
his sensation timed; it showed little difference from
prehabituation levels. Holsopple (ref. 110) also
reported that rotation in the opposite direction
yielded vigorous after-nystagmus. He attributed this
to the fact that acceleration and deceleration stim-
uli were not separated by a sufficient period of time.

He restated this view in another paper (ref. 111)
and particularly emphasized the importance of
nystagmus running its course (i.e., that the response
must not be interrupted by an opposing stimulus)
for habituation to occur. More recently, Brown (ref.
112) obtained significant response reductions for
both directions of nystagmus during a series in
which accelerations were immediately followed by
decelerations in total darkness. Collins (ref. 96)
reported a similar finding with cats; however, the
form of the habituated response curve appears
different in comparing cat and man. Holsopple (ref.
113) also noted that nystagmus time may be seri-
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ously affected by position of the head and that
“practically every subject exhibits some tendency
toward head movement during rotation.”

Dorcus (ref. 114) rotated a group of subjects
with heads fixed and another with heads free.
Duration of after-nystagmus was observed during
50 rotations over a 10-day period. For both groups,
duration declined with repetition; responses in the
opposite direction, however, were not affected. The
head-fixed group clearly showed a greater reduction
than did the head-free group. Additional trials were
then conducted by fixing the heads of those pre-
viously rotated with heads free and freeing the
heads of those previously rotated under the head-
fixed condition. The response level that had been
reached at the end of the habituation series was not
changed by changing the head condition. Dorcus
(ref. 114) concluded that the two types of habitua-
tion were different.

Mowrer (ref. 115) braked subjects to a stop from
12 rpm and observed the duration of after-nystag-
mus. Twelve trials, in a room with striped walls,
alternately required subjects (1) to keep their eyes
always open and (2) to have eyes closed during
rotation but open when the chair stopped. The
latter condition produced greater after-nystagmus
than the former, but no decrease with repetition,
while the former condition produced some reduction
of response duration. Mowrer (ref. 115) then gave
another series of 12 rotations to two groups of
subjects. Trials were alternately conducted with
(1) eyes closed during rotation but open when the
chair stopped, and (2) eyes open with the subject
fixating on the tip of his finger (one group) or
eyes open but a drum over the subject’s head (the
other group). Both of the latter conditions pre-
vented optokinetic nystagmus and permitted visual
still-fixation. There was no difference among the
conditions with respect to duration of after-nystag-
mus. Mowrer (ref. 115) concluded that the reduc-
tion of after-nystagmus was due to the post-stimulus

persistence tendency of the optokinetic response

(i.e., optokinetic after-nystagmus).

Dodge (ref. 116) conducted the first extensive
habituation study in which visual stimulation was
excluded by subjecting himself to over 600 rotation
trials during a 6-day period. Using sudden starts
and stops separated by approximately 15 seconds
of rotation at 20 rpm, he recorded nystagmus with

eyes closed and reported abolition of the response to
deceleration. By changing the direction of rotation,
he found a 50-percent reduction of nystagmus from
prehabituation levels. However, there were com-
plicating factors present; decelerations were intro-
duced while the response to acceleration was still in
progress, and alertness was probably uncentrolled.
With respect to the latter, Dodge (ref. 116) noted
that “the rotation experiment had a soothing
soporific character ... (that) did not carry over
into reversed rotation or accidental interfcrence with
the customary speed.”

Cupulometric data from 320 normal subjects
tested with Frenzel-type glasses were obtained by
Aschan, Nylen, Stahle, and Wersdll (ref. 117).
Duration of nystagmus was directly observed.
Using four to six stimulus rates, the authors noted
a directional preponderance that depended upon
whether subjects were first rotated to the right or
to the left for each rate. The durations of nystagmic
responses to the first direction of rotation were
significantly longer than those obtained to the
second direction of rotation for all but the highest
stimulus value (52°/s). No such effect was noted
for the duration of the after-sensation.

Suzuki and Totsuka (ref. 118) used standard
cupulometric procedures and recorded nystagmus
from behind closed lids. Subjects were given a
series of 10 or more abrupt stops from constant
velocities of 5 or 10 rpm. No decline in response
duration was reported for the higher stimulus rate,
while the lower rate showed considerable trial-to-
trial variation; in addition, irregular nystagmus
was frequently associated with the shorter durations
(probably due to arousal factors). However, Fluur
and Mendel (ref. 119) reported a reduction in the
duration of recorded nystagmus (closed eyes) after
10 to 12 brake decelerations from 15 rpm. No
technique for controlling alertness of the subjects
was noted. Additional subjects were braked to a
stop from 5 rpm, but no indication of habituation
was evident after 10 trails. Unilateral caloric stimuli
administered before and after the 15-rpm rotation
series showed reduced durations for the direction of
nystagmus elicted during the habituation series, and
a longer nystagmus time for the opposite direction
in most subjects. Several subjects showed a pretest-
to-posttest decline in duration to all unilateral

caloric stimuli. Similar results were reported by
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Plaltz and Arx (ref. 120), who obtained a reduc-
tion in nystagmus during the course of 10 unidirec-
tional rotations in darkness. Posttests elicited both
directions of nystagmus and showed a preponder-
ance favoring the unpracticed direction; the dif-
ference was still evident 2 weeks later.

Collins (ref. 35) gave 10 subjects each a series of
200 unidirectional accelerations (decelerations were
subthreshold) over a 10-day period. Nystagmus was
recorded with eyes open in total darkness, and
subjects were assigned a variety of tasks to be per-
formed during stimulation. Tests conducted the day
before and the day after the habituation series
indicated that there was not so much a decline in
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nystagmus as there were changes in the form of the
response. Specifically, for the practiced direction,
slow-phase eye displacement declined (30%)
throughout the response. However, the number of
eye movements increased throughout the stimulus
period and for several seconds thereafter (although
total frequency showed a slight decline) ; the re-
sponse also appeared more regular and perhaps
better “tuned” to the stimulus (see fig. 8). These
changes were somewhat greater for the practiced
direction, but were clearly evident for both direc-
tions, and were still present 1 month later with no
intervening trials.

Wendt (ref. 121) reported a similar finding,
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Ficure 8.—Tracings of nystagmus obtained from a subject performing mental arithmetic with eyes
open in darkness. A 10-day series of 200 clockwise accelerations (all decelerations were sub-
threshold) occurred between the pretest and post-1 test and produced an increase in the frequency
of eye movements. Post-2 tests were conducted 1 month later with no intervening trials. Vertical
bars demarcate the period of acceleration; 20° calibration markers appear at the end of each

tracing. (Reprinted with permission from ref. 35.)



using oscillatory stimulation: With repeated testing
(subjects’ eyes were closed), the amplitude of
slow-phase eye movements declined and the number
of fast phases increased until, finally, the original
form of the nystagmus was lost. Both Collins (refs.
35 and 122) and Wendt (ref. 121) have noted
that repeated elicitation of nystagmus from alert
subjects in darkness produces, as one major effect,
activity  which
modifies the form of the response until, conceivably,
the nystagmic aspect may no longer be evident fol-
lowing a very large number of stimulus repetitions.
More recently, Torok (ref. 123) and Johnson and

Torok (ref. 124) noted an increased frequency of

increasingly greater fast-phase

nystagmus following repeated angular stimulation.

Perhaps the most striking examples of the effects
of repeated angular accelerations on human nystag-
mic responses may be found with figure skaters.
Skaters have been regarded both anecdotally and as
the result of some evaluations (refs. 68 and 125)
as having acquired complete
vestibular suppression as a result of their spinning

considerable or

experiences. When tested in total darkness, however,
skaters gave vigorous nystagmic responses to a
variety of angular stimuli (refs. 122 and 126).
When compared with ordinary subjects tested in the
laboratory (in total darkness), the skaters showed
significantly less slow-phase eye displacement and
as high or higher a frequency of nystagmus during
the early part of the response than did the ordinary
subjects (ref. 122). Tracings also appeared more
regular for the skater group. These comparisons
between skaters (“practiced” subjects) and non-
skaters (“unpracticed” subjects) show considerable
similarity to the findings discussed earlier in which
pretest-to-posttest comparisons of the same subjects
were made after 200 unidirectional rotations (ref.
35). Apparently most figure skaters spin counter-
clockwise (CCW) on ice (there are notable excep-
tions) ; and few, if any, either practice or develop
a facility for spinning well in both directions. Since
their on-ice spinning rate is too high to permit
“visual spotting,” they use visual fixation almost
invariably during one direction of eye movement
(i.e., following deceleration). However, no con-
sistent directional differences appeared for skaters
in duration of mystagmus, slow-phase eye displace-
ment, or frequency of eye movements as a result
of angular acceleration in total darkness (ref. 122).
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These results indicate that vestibular nystagmus
(in the absence of visual stimulation) is not readily
suppressed in alert subjects as a result of consider-
able experience with angular accelerations, whether
that experience occurs in darkness or with oppor-
tunities for visual fixation. The response appears
modified, but in a dynamic fashion rather than as
the result of an overall suppression.

As noted earlier, Wendt (ref. 14) claimed that
nystagmus generated in total darkness would not
be abolished in alert subjects. However, he in-
dicated that, with opportunities for visual fixation,
the visual stimuli would eventually become pre-
dominant and markedly interfere with nystagmus.
A number of studies in which subjects were allowed
opportunities for visual fixation have reported sig-
nificant declines (or abolition) of nystagmus (refs.
24, 111, 113, and 114). Perhaps the best example
of such habituation can also be found with figure
skaters. Both in the laboratory (caloric and rota-
tional stimulation) and following on-ice spins,
skaters demonstrate almost total suppression of
vestibular nystagmus when they have fixed visual
references (refs. 125 and 126). The longest dura-
tion of nystagmus recorded (by means of telemetry)
from skaters following on-ice decelerations from
velocities of 250 to 300 rpm was about 5 s; other
skaters gave just a few beats of nystagmus before
visual fixation terminated any apparent eye move-
ment (ref. 126). However, removal of the oppor-
tunities for visual fixation by means of eye closure
would reinstate a vigorous nystagmic response (see
fig. 9). More recently, Fukuda et al. (ref. 127),
Osterhammel et al. (ref. 128), and Dix and Hood
(ref. 129) reported no after-nystagmus from ballet
dancers whose eyes were open following their
pirouettes, but vigorous nystagmus when their eyes
were closed. Previously, Tschiassny (ref. 130) had
noted that a postrotatory nystagmus could be ob-
tained from a ballet dancer if “visual spotting” was
not permitted.

The findings with figure skaters might lead one
to conclude that total or almost total suppression
of nystagmus may require repeated vestibular stim-
ulation with opportunities for visual fixation. Such
suppression is visual inhibition of the response
rather than vestibular inhibition, and the ability to
exercise substantial control over vestibular eye
movements does not seem to generalize completely
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Ficure 9.—Eye-movement tracings obtained by means of telemetry during on-ice spins performed
by a figure skater. Each strip of tracings represents 33 seconas of recording. Vertical bars demar-
cate the period of spinning. After-nystagmus is markedly suppressed during visual fixation (cf.

ref. 126).

to situations in which vision is not permitted.*
In fact, one study (ref. 131) reported no influence
on nystagmic responses in darkness of several types
of visual stimulation during repeated rotation (a
small, dim target light, an illuminated enclosure,
and full room lighting). However, the habituation
series for the several tested groups comprised only
six trials for a given direction of nystagmus, and
the angular accelerations used (24°/s? for 10 s)
induced incidents of nausea and vomiting when
either the room or the enclosure was lighted.

In evaluating the relative lack of generalization

*Generalization of nystagmic modifications from dark to
light conditions is also minimal, at least after a short series
of habituation stimuli. Marshall and Brown (ref. 44) rotated
subjects in an illuminated enclosure before and after a
series of 10 habituation trials employing identical stimulus
rates. One group received the habituation series with the
enclosure illuminated (and visual still-fixation possible) ; the
other group was in total darkness. During all trials, subjects
signaled their estimates of turning velocity. Both groups
showed a significant reduction in slow-phase eye displace-
ment during the habituation series. In the posttest (enclo-
sure illuminated), the group habituated in total darkness
showed no significant change in slow-phase output from the
prehabituation level; the group habituated in illumination,
of course, had significantly reduced scores. This lack of
transfer from dark to light conditions might be accounted
for by the fact that, of itself, visual fixation on objects
produces a marked decrease in the slow-phase excursion of
the eyes, and the reduction obtained after a short series
of rotations in the dark may not be sufficient to influence
noticeably the greater attenuating effects of visual still-
fixation.

of eye-movement control by figure skaters from the
on-ice condition (vision permitted) to the labora-
tory situation (vision excluded), several factors
must be considered: (1) During on-ice spin skaters
actively coordinate control of rotation, while in the
laboratory they are passively rotated. (2) The stim-
ulus rates during on-ice spins are considerably
higher than those generated in the laboratory. (3)
Some laboratory findings with ordinary subjects
(ref. 132) and with aerobatic pilots (refs. 133 to
135) show directionally specific effects related to
visual stimulation.

Aschan (refs. 133 and 134) reported a direc-
tionally specific shortening of the duration of nys-
tagmus (cupulometry) in fighter pilots, with the
reduction related to the direction in which the pilots
most frequently rolled their aircraft during various
flight maneuvers. Caporale and Camarda (ref. 135)
obtained a similar finding from aerobatic pilots,
using accelerations and decelerations of 1°, 3°, and
6°/s? separated by 90 s of constant velocity at 15
rpm. Recordings from behind closed eyes showed
a clear directional difference in intensity of nystag-
mus. Pilots who flew on the left in formations (and
therefore kept their heads turned to the right during
flight to maintain visual contact with the aircraft
ahead of them) showed weak left-beating and nor-
mal right-beating nystagmus. Pilots who flew on
the right side of formations (with their heads,
therefore, turned to the left) evidenced the reverse
of this directionally specific difference.



Guedry (ref. 132) controlled arousal by tasks
and used total darkness during one direction of
nystagmus (e.g., CW acceleration), while visual
stimulation occurred during the other direction of
the response (deceleration from CW rotation).
Subjects were given 80 such rotation trials within
a 4-hour period. Tests before and after the 80-trial
series were conducted entirely in darkness; results
indicated a pretest-to-posttest decline in slow-phase
nystagmus of about 20 percent for the direction
repeatedly elicited in darkness (in good agreement
with the results obtained in darkness by Collins,
ref. 35) and a pretest-to-posttest decline of about
50 percent for the direction of nystagmus repeatedly
inhibited by visual stimulation.

The findings of Aschan (refs. 133 and 134),
Caporale and Camarda (ref. 135), and Guedry (ref.
132) do not appear to agree with results obtained
from figure skaters, who show equivalent nystag-
mus regardless of direction when tested in the
laboratory, although on ice they make use of visual
information only (or at least primarily) during
deceleration responses. The lack of agreement may
be due not only to active versus passive rotation
and to marked differences in stimulus rates, but
also to the fact that the skaters do perform on-ice
turning maneuvers in both directions, and the rate
of these turns (as opposed to rates during their
free-style spins) may be equivalent to laboratory
stimuli. In addition to these factors, (1) it is pos-
sible that visual stimulation may simply speed up
the habituation process for the practiced direction
of turn and, with many repetitions, transfer of
the nystagmic response modification may become
complete so that both directions of nystagmus are
equivalently modified; and (2) the sensory pattern
is different for skaters spinning on ice as compared
with laboratory rotations. In the latter case, nystag-
mus was always elicited with the cupula in its rest-
ing position. On ice, skaters build up their accelera-
tion until they feel it has reached its peak and then
bring themselves to a stop; the deceleration (fol-
lowed by visual still-fixation) is thus introduced
with the cupula away from its resting position,
perhaps at a point of maximum deflection.

All of the above findings have been concerned
with what Guedry (ref. 132) has termed “simple
vestibular stimulation,” i.e., stimulation by angular

acceleration about a vertical axis primarily of a
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single pair of semicircular canals. “Complex ves-
tibular stimulation” may involve simultaneous ac-
tivation of other pairs of canals and of specific
and nonspecific gravireceptors. In this regard, men-
tion should be made of studies involving rotation
about a horizontal axis (refs. 53, 54, and 130 to
138) and combinations of angular and centripetal
accelerations (refs. 139 and 140). Nystagmus is
clearly affected by these conditions. In the first
case, nystagmic eye movements did not cease during
constant velocities ranging up to several minutes
in duration, and a relatively abrupt termination of
nystagmus and sensation occurred upon stopping.
In the second case, the intensity, plane, and direc-
tion of nystagmus changed as centripetal accelera-
tion increased with the lateral canals in the plane
of rotation. Bergstedt (refs. 141 and 142) has
shown that the intensity of both positional and
caloric nystagmus is increased with increasing
g-force; this finding was confirmed by Orlov (rel.
143) and by Yuganov (ref. 144), with Yuganov
also reporting a decrease in postrotational nystag-
mus during weightlessness. Thus, it is clear from
these and other studies (e.g., refs. 81, 95, 145, and
146) that nystagmus can at least be affected by
other motion-sensing or position-sensing systems
and, indeed, horizontal nystagmus can even be
elicited by periodic linear accelerations (ref. 147).

Complex vestibular stimulation can also be ac-
complished by means of simultaneous motion about
more than one axis (cf. ref. 148) or by active or
passive head movements during rotary molion
(refs. 149 and 150). Such simultaneous stimulation
of more than one pair of semicircular canals, the
so-called Coriolis vestibular effect, produces (in
addition to sensations) nystagmus with a predomi-
nantly vertical component. It should also be noted
that there is a lack of congruency between signals
from the semicircular canals and those from other
sensory systems (e.g., otoliths and proprioceptors)
under these unusual stimulus conditions. In exam-
ining the question of habituation, most “Coriolis
studies” have been conducted with opportunitics
for visual fixation. Subjects have been permitted to
move about freely in a rotating room (ref. 149}, or
have made restricted head movements during rota-
tion according to set procedures (refs. 55, 151, and
152), or have been exposed to passive movement

as well as making active head tilts (ref. 153).
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Subjects learn to adapt to the unusual vestibular
effects produced by moving about in a lighted ro-
tating room. During long-term studies (64 hours to
12 days) standard head-movement tests with control
of arousal were introduced during the course of
the prolonged rotational period as well as before
and after rotation (i.e., with no rotation). Nystag-
mus was recorded in total darkness during these
standard tests and showed an overall decline during
rotation (ref. 149). Following cessation of rotation
(in a static situation), subjects demonstrated spon-
taneous compensatory nystagmus as a result of head
movements (refs. 149 and 154). That is, following
the adaptation period, while at a standstill, standard
head movements produced a nystagmus opposite
in direction to that which should have occurred
had the same head movement been made during
rotation (see fig. 10). Retention and transfer of
habituation effects were examined by Guedry (ref.
154), who tested subjects in darkness before and
after a 12-day exposure to living in a CCW-rotating

room. A clear attenuation of nystagmic responses -

to head tilts during CCW rotation was obtained in
post-habituation tests; little pretest-to-posttest
change was obtained for head tilts during CW rota-
tion. Additional posttests were conducted 2 days, 3
weeks, and 3 months later. Nystagmic responses to
head movements during CCW rotation showed pro-
gressive but incomplete recovery; however, nystag-
mus obtained as a result of head movements during
CW turning {fell well below the pretest values in
these later tests, to a level approximately equal to
the CCW responses, as if to establish a balance at
the habituated level.

Studies of Coriolis effects with restricted head
movements (in one quadrant of the frontal plane
only) have been of shorter durations (4 to 7
hours). Although a large number of head move-
ments were made in the lighted room by the sub-
jects, no spontaneous compensatory nystagmus was
obtained following the rotation periods (refs. 151
and 152). However, standard head-movement trials
in darkness during rotation were conducted after
about 200 head movements in the light and showed
a general pretest-to-posttest suppression of nystag-
mus for the practiced direction of head movement,
but there was no effect of the habituation trials on
nystagmus generated by head movements in the

unpracticed quadrant.

Further research confirmed and expanded these
findings. Guedry (ref. 55) had a group of subjects
tilt their heads and return them to upright at set
intervals with their eyes closed. Other subjects per-
formed the same head movements but were required
to solve problems with multiple-choice answers
which were projected on a screen during the head
movements. All head movements were made in a
single quadrant, with most subjects completing 100
tilts and 100 returns. Before and after the 100-
cycle series, subjects performed mental tasks in
darkness and made head movements in both the
practiced and unpracticed directions. A clear pre-
test-to-posttest reduction in recorded nystagmus
(approximately 70%) occurred in the practiced
quadrant for subjects who performed the visual
problem-solving tasks; the unpracticed quadrant
showed only a 15-percent reduction. A similar
quadrant-specific reduction was evident in pretest-
to-posttest comparisons for the group that had per-
formed the head movements with eyes closed, but
the reduction in the practiced quadrant was only
about 12 percent; the unpracticed quadrant showed
essentially no pretest-to-posttest change.

Caloric-Induced Nystagmus

Although angular acceleration is the adequate
stimulus for the semicircular canals, the most fre-
quently used method of eliciting nystagmus in
clinics is that of thermally produced endolymph
movement in the canals. The recommended proce-
dure is to use water of temperatures 7° C above
and below body temperature (ref. 155). Cool water
(30° C) drives nystagmus (fast phase) away from
the irrigated side; warm water (44° C) drives it
toward the irrigated side. Although the stimulus is
a gross one, it has the advantage of permitting the
testing of each ear separately.

Almost all studies of the effects of repeated caloric
irrigations on nystagmic reactions have involved
unilateral stimulation. Loch and Haines (ref. 156)
timed nystagmus from subjects wearing Frenzel
glasses and reported no decline as a result of irriga-
tions performed once daily for 5 to 6 days, although
they noted a change in the form of the response
(nystagmus became more regular). With subjects’
eyes closed, Stahle (ref. 157) found no clear re-
sponse decline for four irrigations, two of which
drove nystagmus to the left and two to the right.
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Ficure 10.—The development of a conditioned compensatory nystagmus is cvident in the tracings
obtained in a static situation (i.e., with the rotator stationary) after a 64-hour period of head
movements during rotation at 10 rpm (compare the “after” static responses with the “before”
static tracings). Note that the compensatory nystagmic reaction is in the direction opposite to
that which was produced as a result of head tilts during rotation. The upper tracing of each pair
resulted from a 75° head tilt to the left; the lower tracing of each pair represents the response
occasioned by returning the head to an upright position. All tracings are of vertical nystagmus
for subjects M, N, and K. Vertical bars through the left of each tracing indicate the initiation
of head movement; bars through the right of the lower tracing of each pair represent 40° eye
calibration markers. (Reprinted with permission from ref. 149.)

However, he noted that dysrhythmia might occur
with repeated stimulation. Lidvall (refs. 29, 38, 158,
and 159) performed a series of studies which in-
dicated that a relatively small number of stimuli
(4 to 6) would significantly shorten nystagmus
duration (recorded from behind closed eyes) and
reduce the frequency of nystagmus, while increasing
latency and dysrhythmia, whether the intervals be-
tween stimuli were short (6 to 8 minutes) or long
(1 to 25 days).

Fluur and Mendel (refs. 160 and 161) also re-
corded eye movements from behind closed lids and
obtained significant reductions (about 30%) in
response duration (increasing dysrhythmia made
quantification of other aspects of nystagmus im-
practical) following a series of 8 to 12 irrigations.

In their first study, subjects received unilatera
habituation trials. In post-habituation tests, the
majority of subjects showed a response reductior
from pretest levels for unilateral stimuli to eithe
ear which drove nystagmus in the habituated direc
tion, and a longer nystagmus time for unilatera
stimuli which drove nystagmus in the opposite
direction. Other subjects showed a pretest-to-post
test decline for either cool or warm stimulation ir
either ear. In the second study (ref. 161), subject:
were habituated with 8 to 12 unilateral stimulation:
of one ear; posttests yielded the same results a
those obtained from the majority of subjects in th
previous study. Next, a new series of unilatera
stimuli drove nystagmus in the opposite direction
Posttests indicated a decline for that direction o
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nystagmus irrespective of the ear irrigated, but
responses in the opposite direction (habituated in
the first series of stimulations) were now back to
the initial, prehabituation levels. The authors con-
cluded that “in a person already habituated by
repeated monaural irrigation with hot water it is
not possible to superimpose a habituation to cold
water in the same ear without influencing the re-
sponse to the primary habituation.” They theorized
that habituation influenced the spontaneous activity
levels in the two labyrinths and disrupted the
balance between them.

However, Pfaltz and Arx (ref. 120) obtained a
directional preponderance of nystagmus following
a series of unidirectional rotations, and reported no
reversal of this difference following a series of uni-
lateral caloric stimuli which drove nystagmus in
the opposite direction, although the caloric response
declined with repetition (all tests in darkness). They
noted that a shift in the ratio between the two
directions of nystagmus could be obtained by re-
peated unidirectional angular accelerations, but not
by repeated unilateral caloric irrigations. (“Eine
Verschiebung des quantitativen Verhaltnisses zwis-
chen Rechts- und Linksnystagmus kann im Gegen-
satz zur wiederholten Drehreizung nicht mittels
aufeinanderfolgender monauraler thermischer Reize
erzielt werden.”) A series of binaural irrigations,
on the other hand, produced a preponderance of
nystagmus favoring the unpracticed direction of eye
movement.

Forssman et al. (ref. 162) and Forssman (ref.
163) investigated the effects on caloric habituation
of 12 consecutive irrigations in darkness and in
illumination (the first and twelfth trials were always
in darkness). They reported approximately equi-
valent reductions in duration and velocity of nystag-
mus for the two conditions (25% for duration;
55% for velocity). In addition, laterotorsion (i.e.,
deviation of the head; cf. ref. 164) declined by
approximately 40 percent. Dysrthythmia during
light trials was considerable (probably due to inter-
mittently effective visual inhibition), but during
dark trials was very moderate.

In the above investigations, only Lidvall (ref.
38) reported the use of any alerting technique. After
demonstrating a progressive decline in the number
of eye movements during four irrigations, Lidvall

(ref. 38) noted that an additional trial during which
subjects performed mental calculations resulted in
an immediate restoration of the response. A study
by Collins (ref. 36) examined the influence of an
extensive series of unilateral irrigations (10 daily
for 4 days) on responses to both unilateral and bi-
lateral irrigations. One group of subjects was tested
in total darkness while performing various tasks;
the other group actively sought to control nystagmus
by fixating on ceiling markers in a lighted room.
During pretests and posttests, each subject received
six irrigations; two were bilateral (warm and cool
water simultaneously presented to the two ears),
one driving nystagmus to the left, the other to the
right; the remaining four were unilateral irriga-
tions with cool and warm water presented to each
ear successively. Results indicated essentially no
effect of the habituation series on the duration of
nystagmus for either group. For the group habit-
uated in total darkness, no significant decline in
slow-phase eye displacement but a significant over-
all increase in eye-movement frequency appeared
(see fig. 11). For the group habituated in the
light, no pretest-to-posttest change in frequency of
nystagmus occurred, but slow-phase measures de-
clined significantly. For both groups, changes were
somewhat greater for the three stimuli provoking
responses in the same direction as that of the
habituation trials. For the light group no recovery
of the slow-phase loss was evident after 1 month of
rest; similarly, for the dark group, the increase in
frequency of nystagmus was still evident upon retest
a month later.

Collins, Schroeder, and Mertens (ref. 165) per-
formed a similar series of 40 irrigations with sub-
jects actively fixating on ceiling markers. One group
was given unilateral irrigations, the other bilateral
stimulation; nystagmus was driven to the left in
both cases. During pretests and posttests, subjects
received the series of six cool and warm unilateral
and bilateral stimulations noted above. Results in-
dicated that, for both groups of subjects, nystagmus
declined unidirectionally. A control group received
only the pretest and posttest irrigations and showed
no change.

The same study also included four rotation trials
prior to any pretest irrigations; the rotations were
repeated after all posttest irrigations. No significant
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Ficure 11.—Caloric nystagmus recorded before and after a habituation series of 40 unilateral irri-
gations (30°C) to right ear for 30 s each; all trials in darkness with the subject’s eves open).

Dysrhythmia and an overall reduction of nystagmus aure not necessary consequences of repeated

vestibular stimulation; an increase in the number of eve movements, as depicted above, mav occur.

Vertical bars indicate the end of the irrigation; 20° calibration markers appear at the beginning of

each tracing. Each strip of tracings represents 33 seconds of recording (refs. 36 and 165).

changes were evident in nystagmic output for either
direction of rotation-induced nystagmus as a result
of the caloric trials.

Rotation-Induced Subjective Reactions

The sensations of motion accompanying semi-
circular-canal stimulation appear to be more readily
affected by repeated exposure to either angular
accelerations or calorizations than are nystagmic
eye movements. Of considerable interest is the fact
that they may follow a time-course different from
that of nystagmus.

Grifhith (refs. 24 and 108), who reported at-
tenuation of nystagmus following cessation of rota-
tory stimulation in a lighted room, also noted a
decline in the sensation of apparent motion with
repeated stimulation. Although Hallpike and Hood
(ref. 166) found attenuation of turning sensations
that were directionally specific (subjects were ro-
tated with eyes closed), their findings may be more
closely related to adaptation effects than to habitua-
tion. These investigators used a short test stimulus
before and after a prolonged stimulus (e.g., 2°/s?
for 75 s) and found that, when the posttest stimulus
was in the same direction as the prolonged stimulus,
rotary sensations were shorter than the pretest
level; when the posttest stimulus was in the direc-
tion opposite that of the prolonged stimulus, reac-
tions were of normal (pretest) duration.

A single subject with eyes covered and head

approximately erect was given two series of CW
rotations by Meda (ref. 167). The first series cov-
ered 40 days and comprised 290 trials (stops and
starts were sudden and apparently separately by 1
minute of constant velocity at 30 rpm). A {fairly
systematic decline in the duration of the sensation
following deceleration was obtained both during
daily trials and from day to day. Tests conducted
before and after habituation showed little or no
change in (1) the duration of after-sensations with
the head anteverted so that the lateral canals were
perpendicular to the plane of rotation, (2) the
duration of sensations occasioned by head move-
ments either during rotation or immediately after
deceleration, and (3) the duration of after-sensa-
tions following CCW deceleration. The lack of
transfer of habituation from one set of semicircular
canals to another set, or hetween reactions from one
set of canals and Coriolis-induced responses, has
been confirmed in other studies of nystagmus from
man and cat (refs. 81, 94, 151, and 154). However,
the failure to obtain a reduction to CCW decelera-
tion is surprising since the subject was apparently
exposed to an equivalent stimulus (CW accelera-
tion) during the habituation series, at an equivalent
rate (sudden starts and stops), under identical
visual conditions (eyes covered). A second series
was initiated with the subject’s head ventrally flexed.
After 100 rotations the after-sensation was reduced

by about 50 percent. Tests with head movements
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during and following rotation showed no clear
effect of the habituation series on the duration of
these Coriolis sensations. Additional tests conducted
at intervals of 1 to 3 months with the subject’s head
erect finally showed full recovery of the duration
of the after-sensation.

In comparing the technique of cupulometry to the
Barany test procedure, Groen and Jongkees (ref.
168) demonstrated that the sensation cupulogram
obtained before and after a set of three CW and
three CCW Barany spins (stops from 30 rpm)
showed a marked decline. They felt that the Barany-
type stimulus damaged the vestibular organ and
that a maximum velocity of only 10 rpm should be
used prior to braking subjects to a stop. However,
Brand (ref. 41) obtained response declines for post-
rotational turning sensations both within a daily
series of brake decelerations from 10 rpm (or less)
and from one test day to the next.

Aschan (ref. 133), using cupulometry, reported
reduced durations of sensation to rotational stimuli
from fighter pilots. Unlike the directionally specific
reductions in nystagmus that he found for this group,
sensations for both directions of angular stimula-
tion were attenuated. Similarly, Dearnaley, Reason,
and Davies (ref. 169) reported shorter durations
for experienced pilots than for trainees in the ves-
tibular sensations occasioned by l-minute-long,
45° banks in an aircraft; within each group there
was no difference between left and right turns. The
differences between pilots and students were present
whether subjects’ eyes were closed or visual re-
ferences were available, although increasing the
amount of visual information decreased the sensa-
tion for both groups. Preber (ref. 170) had exam-
ined pilot trainees before flight training and followed
up a group who showed severe airsickness during
the training period. These subjects, as a group, had
longer durations of sensation during turning tests
conducted prior to flight training than did those
who did not get airsick; however, after they adapted
to the flying situation, tests showed a decline in
duration of sensation. Previously, de Wit (ref. 171)
had reported progressively greater cupulogram
slopes in comparisons of a group of sailors who had
never been seasick, a group of students, and a group
of sailors who were chronically seasick.

Guedry, Collins, and Sheffey (ref. 30) performed

a 50-trial habituation series spaced over 5 days,

with trials alternately in total darkness and with a
5-s period of room illumination following decelera-
tion. Pretests and posttests in total darkness showed
a decline of approximately 50 percent for total sub-
jective displacement. Partial recovery was evident
9 days later, with no intervening trials.

Benson (ref. 172) gave subjects (closed eyes)
impulsive decelerations and, 3 s after they had
reached a stop, had them shake their heads for 2 s.
The duration of postrotatory sensations was reduced
after the headshaking period. With repetition, post-
rotatory sensations declined both with and without
headshaking, but declined independently. There was
no difference between nonaerobatic aircrew and
ordinary subjects.

Collins’ study (ref. 35), employing 200 unidirec-
tional habituation trials in total darkness with sub-
jects performing various attention-demanding tasks,
showed a directionally specific reduction of 39 per-
cent in peak subjective velocity and 37 percent in
total subjective displacement for the practiced direc-
tion of angular acceleration. There was no pretest-
to-posttest difference for the unpracticed direction
(see fig. 12). One month later, with no intervening
trials, total subjective displacement was only 27.5
percent less and peak subjective velocity only 16.5
percent less than the pretest levels for the practiced
direction; the unpracticed direction still showed no
change from the pretest level. Thus, the subjective
reaction declined in a directionally specific fashion,
without the subjects attending to the sensation, and
in the absence of vision; the response showed partial
recovery after 1 month of rest.

Professional figure skaters report some initial
dizziness when they resume spinning routines after
vacation periods of 1 to 3 months. In skating trim,
they appear to experience only very mild and brief
dizziness following on-ice spins, but if they close
their eyes upon stopping, clear vertiginous sensa-
tions occur. Similarly, while they can perform grace-
fully with open eyes following such spins, closing
their eyes produces a loss of balance and an inability
to maneuver (ref. 126). In laboratory tests (total
darkness) of figure skaters, clear turning experi-
ences were reported to rotation, and there was no
difference in the duration of left-turning versus
right-turning sensations (ref. 122). When compared
with ordinary subjects, however, skaters had sig-
nificantly shorter durations to stimuli ranging from
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Ficure 12,—Subjective velocity estimates made by subjects before (pre) and after (post-1) a series
of 200 clockwise accelerations (all decelerations were subthreshold). Post-2 tests were conducted
one month later with no intervening trials. The habituation series preduced a clear, directionally
specific reduction in the intensity of the turning sensation (but not in its duration); a month of
rest produced considerable recovery. (Reprinted with permission from ref. 35.)

5°/s2 for 18 s to 90°/s? for 1 s. It is of considerable
interest that the differences between the two groups
were proportionately greater for the higher rates of
angular acceleration (ref. 122},

The Oculogyral Illusion

During rotational stimulation, an object with a
minimal visual surround (a small, dim light source
in an otherwise dark room) appears to move in a
definite pattern although it and the observer are in
fixed positions (ref. 173). This apparent motion,
the oculogyral illusion (OGI), has been identified
with the sensation of turning rather than with nys-
stagmus (refs. 174 to 176; however, see also ref.
177). Brown and Guedry (ref. 178) examined the
duration of the OGI before and after short series of

rotations (1) in total darkness, (2) with a target
light present, and (3) with 5 s of room illumination
following cessation of rotation (target light pre-
sent). Marked declines in OGI duration occurred
for the last two conditions. Previously, Guedry
(ref. 179) had reported a successive shortening
of the duration of the illusion during a series of
trials in which conditions of total darkness and of
brief illumination of the test room (shortly after
deceleration) were alternated. Directional specific-
ity of this decline in the condition which employed
vision was noted in later studies (refs. 180 to 182},
and it was observed that a decline of the OGI at one
stimulus rate produced a greater response reduction
to a stimulus of lesser intensity and a lesser response
reduction to a stimulus of greater intensity (ref.
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181). A recent study by Brown and Crampton
(ref. 131) showed no differential effects on dura-
tion of the OGI of rotating subjects in total dark-
ness, with the OGI, with an illuminated enclosure,
or in full-room illumination. However, only six
habituation trials were conducted for each group in
the direction under consideration.

Coriolis Vestibular Sensations

The OGI has also been used in studies of habitua-
tion of Coriolis vestibular responses produced by
head movements during constant rotation. The array
of effects that occur depends to some extent upon
the kind of visual information available during the
head movements (ref. 183). The sensations pro-
duced (as well as the apparent movement of a target
light) are combinations of displacement and accele-
ration (see fig. 13 and ref. 184); e.g., tilting the
head to the right during CW rotation produces a sen-
sation of tilting backward and accelerating upward
much like a sharp climbing maneuver in an aircraft.
Guedry and Montague (ref. 150) reported reduction
of the apparent displacement of a target light with
repeated head movements. Graybiel et al. (ref. 183)
rotated subjects in the light for a 64-hour period
during which they made voluntary head movements
or were passively tilted in a special chair. Tests
during the experiment involved the OGI (the lighted
outline of a cube) with the room otherwise dark.
Magnitude estimates of the illusion declined for all
subjects. In addition, a conditioned compensatory
reaction was obtained; when the room was at a
standstill at the end of the experiment, subjects
made head movements and reported OGI effects
that were opposed in direction to those that would
have been produced had the same head movement
been made during rotation. Similar conditioned
compensatory reactions were obtained for nystag-
mus (ref. 149). Further evidence was obtained for
conditioned OGI effects in studies of shorter dura-
tion (4 to 8 hours of rotation) with voluntary head
movements restricted to a single quadrant in the
frontal plane (refs. 151 and 152).

Guedry (ref. 55) exposed two groups of subjects
to a 100-cycle series of head movements restricted
to a single quadrant; one group performed the
movements with eyes closed, and the other group
solved problems projected on a screen during the
head tilts. Tests were conducted before and after the

100-cycle series (1) during rotation and (2) in a
static situation. During rotation, there were clear
pretest-to-posttest reductions in OGI for head move-
ments in the practiced quadrant and a lesser reduc-
tion for the unpracticed quadrant among subjects in
the vision group; the darkness group showed less
reduction. In static posttests, the vision group re-
ported OGI effects principally in the practiced
quadrant; the darkness group evidenced little or no
OGI reactions.

In a study related to the above, but without using
the OGI, Guedry (ref. 154) gave pretests and post-
tests in darkness to subjects who had lived in a
lighted, rotating room (10 rpm CCW) for 12 days.
The subjects rated the intensity of sensations occa-
sioned by specific head movements during both CW
and CCW rotation. Little or no posttest sensations
were obtained during CCW rotation; sensations
from head tilts during CW rotation were as strong or
stronger than the pretest levels. Additional posttests
conducted 2 days, 3 weeks, and 3 months later
showed recovery, but not to the pretest levels.

Caloric-Induced Subjective Reactions

Sensations generated by caloric irrigations are
not uniform among subjects and may even differ
from one irrigation to the next for the same subject
{ref. 36). Frequently a directional component of
the experience cannot be specified (ref. 170).
Although bilateral stimulation (simultaneous ap-
plication of cool water to one ear and warm to the
other) frequently produces sensations of apparent
angular motion about an Earth-vertical axis, both
bilateral and, more often, unilateral calorizations
will result in experiences of tilting, floating, dizzi-
ness, “arcing” (successive apparent motion through
a relatively small angle), combinations of these, or
even apparent turning about an Earth-horizontal
axis (ref. 36).

Lidvall (refs. 29, 158, 159, and 186) reported a
considerable decline in vertigo with as few as four
unilateral irrigations and noted that the decline was
specific to the direction of cupula deflection in the
irrigated ear (ref. 29); i.e., after vertigo habitua-
tion of one ear with a cool stimulus, a warm stim-
ulus applied to that ear or any stimulus applied to
the opposite ear would produce a strong vertigo
response. Forssman et al. (ref. 162) and Forssman
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Ficure 13.—Subjective reactions occasioned by angular accelerations, angular decelerations, and
head movements during rotation (ref. 184). Note that: the sensations are reversed if direction of
rotation is reversed; returning the head to upright from a tilt to the right is equivalent to tilting
the head to the left; the sensation experienced as a result of deceleration is directionally opposite
that resulting from the acceleration and is perceived as a speeding up rather than a slowing down.
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(ref. 163) noted declines in vertigo ratings exceed-
ing 80 percent after 12 irrigations, whether sub-
jects were tested in darkness or in an illuminated
room. Hinchcliffe (ref. 187) obtained ratings of
caloric vertigo induced by unilateral stimulation and
reported marked declines in intensity ratings follow-
ing five irrigations; a second series administered
on the following day showed partial recovery for the
first trial and a rapid decline for the remaining tests
{subjects’ eyes closed).

Collins (ref. 36) kept subjects alert during a 40-
trial habituation series (one group was tested in
total darkness, another group was engaged in active
visual fixation) and tested responses in total dark-
ness before and after the habituation trials. Since
the pretests and posttests involved all combinations
of irrigations (unilateral and bilateral, cool and

warm), the effects of the 40-trial series (cool water
to the right ear) on responses in the same and in
the opposite “directions” could be evaluated. For
both groups of subjects, directionally specific
effects were evident. There was an average increase
in latency of the sensation and a decline in its
duration and rated intensity for all stimuli eliciting
responses in the same direction as the habituation
trials. Responses in the opposite direction werc
either less affected (although showing some decline)
or, in the case of subjects who received the 40-trial
series in darkness, unilateral stimulations produced
ratings of greater intensity than the pretest levels.
For both groups, a l-month rest interval resulted
in some recovery or complete recovery of the
response.

Collins and Mertens (ref. 188) expanded and
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partially replicated the above study. Using the same
caloric pretest and posttest procedures, they ex-
amined two groups who engaged in active visual
fixation during a 40-trial habituation series {one
group received unilateral stimulation, the other
bilateral stimulation) and a control group who
received only the pretests and posttests. During the
40 visual-fixation trials, the duration of dizziness
and of the apparent movement of the fixation point
both showed an irregular but progressive decline
during each 10-trial day and over the 4 test days
(see fig. 14). The pretest and posttest data (obtained
in darkness) showed essentially no change in sensa-
tion ratings made by the control group. In agree-
(ref. 36), repeated
unilateral stimulation (cool water to the right ear)
produced relatively little pretest-to-posttest change
in sensation intensity for caloric stimuli that elicited
responses in the direction opposite those of the
habituation series. Posttest responses to the unilat-

ment with previous work

eral and bilateral stimuli that involved cool water in
the right ear showed significant declines; warm
water to the left ear (a stimulus “equivalent” to that
used in the habituation series) did not produce a
decline in sensation. This latter result (a lack of
transfer) does not agree with the previous finding
of Collins (ref. 36), but does agree with Lidvall’s
report (ref. 29) that unilateral caloric habituation
of vertigo is specific to the cupula deflection of the
repeatedly stimulated ear. The group who received
bilateral habituation demonstrated significant de-
clines in vertigo (49 to 629%) for all three stimuli
that produced reactions in the same direction as the
habituation series, and a uniform increase (22 to
32%) in sensation ratings for the three nonequiva-

lent stimuli.

Special Effects of Brief Periods of Visual Fixation
on Vestibular Responses

Only a few studies have examined the effects of
brief periods of visual stimulation on nystagmic
and subjective reactions. Brown and Guedry (ref.
178) and Guedry (refs. 180 to 182), as indicated
earlier, used brief periods of illumination in studies
of the oculogyral illusion. Wendt (ref. 14) noted
that, although postrotational nystagmus was in-
hibited during a period of visual fixation, the
response was quickly reestablished during a suc-
ceeding period of darkness. Guedry, Collins, and
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Ficure 14.—Mean duration of dizziness calculated from
reports made by 12 subjects in each of two test groups
during caloric irrigations. Subjects fixated on a ceiling
marker throughout each of 10 calorizations per day for
four consecutive days. The bilateral group received simul-
taneous irrigations of the two ears (right 30° C; left 44°
C); the unilateral group received 30° C irrigations of the
right ear only. The subjective reaction shows considerable
decline over the test series (cf. ref. 188).

Sheffey (ref. 30) confirmed Wendt’s statement (ref.
14), but found that the response was not restored
to the level of an uninterrupted reaction and that
the sensation of turning showed no recovery.
Collins (ref. 122) introduced 3 s of room
illumination 1 s after various rates of deceleration;
trials were otherwise in darkness. Subjects actively
fixated on wall markers during illumination and
attempted to control completely their eye move-
ments. Room illumination (subjects were at a
complete standstill) substantially reduced ongoing
nystagmus; during the subsequent period of dark-
ness, nystagmus recovered, but never to the level of
an uninterrupted response. Of perhaps greater
significance, the shortened primary nystagmus was
frequenily replaced very quickly by a secondary
nystagmus, which appeared more vigorous than
the secondary reactions obtained (but much later
in time) during trials in total darkness (fig. 15).
(Markaryan, ref. 189, has also noted strong
secondary nystagmic reactions following angular
stimulation and a period of visual fixation.) The
sensation of turning was suppressed during the
visual stimulation and, during the subsequent period
of darkness, was reinstated (although considerably
reduced) in only a small percentage of cases.
More recently, using “prolonged” angular stim-
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Ficure 15.—The influence on nystagmus and subjective turning of a period of room illumination
during a clockwise deceleration. Vertical bars through the tracings demarcate the deceleration
period. The deflections on the lines just below the nystagmus tracings represent the recorded
signals of turning (cf. refs. 26 and 27) experienced by the subject: downward deflections indicate
a sensation of turning left; upward deflections indicate a sensation of turning right. Note in total
darkness the prolonged primary nvstagmus, the lack of secondary nystagmus, and the indication of
the usual left-turning sensation from this subject. The period of room illumination during the
light trial produces a reversed (optokinetic) nystagmus and a reversal of the indicated direction
of turn. Subsequent extinguishing of the lights reverses the direction of primary nystagmus for
only a few seconds; the primary response is then replaced by a long-lasting secondary nystagmus.
Moreover, this subject did not experience the leftward turning which the canals would have been
signaling after the lights were turned off; a long-duration right-turning sensation was reported
(subjects called out the direction of turn in addition to manual signals). Other subjects reported
no sensation for several seconds after the period of room illumination, and then experienced strong
sensations of turning to the right (cf. ref. 190).

uli (20 s or more), Collins (ref. 190) introduced and the subsequent period at a standstill were
room illumination for various durations during the  always in total darkness. Under these conditions,
deceleration period; the final 6 s of deceleration subjects could see themselves decelerating (although
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in darkness the vestibular signals would have pro-
duced a sensation of accelerating in the opposite
direction; see figs. 13 and 15), and an optokinetic
nystagmus was generated opposite to the nystagmus
that the semicircular canals would have initiated.
Room lights were turned off during the last few
seconds of deceleration, and vestibular nystagmus
quickly replaced the optokinetic response. However,
in comparison with an uninterrupted response,
nystagmic output was at a much reduced level, was
significantly shorter in duration, and more fre-
quently was succeeded by a vigorous secondary
nystagmus. Following the period of room illumina-
tion (during the last 6 s of deceleration in dark-
ness), many subjects reported no sensation; some
reported a brief sensation of turning in the true
direction (in opposition to the vestibular signals).
Very shortly after the termination of deceleration,
a marked and prolonged “secondary” sensation
was reported by almost all subjects.

These data have been interpreted as indications
that secondary reactions are of central origin, in
agreement with Aschan and Bergstedt (ref. 86).
In addition, it has been suggested that they may
occur as a result of “prolonged” neural activity in
the primary direction (ref. 190); that secondary
reactions are processes that oppose primary reac-
tions (perhaps occurring as the consequence of a
central imbalance produced by “prolonged” uni-
directional activity); and that visual information
{under some conditions) is centrally integrated and
enhances this already ongoing process, thereby at-
tenuating the primary response (refs. 122 and 190).

A MODIFIED VIEW OF “HABITUATION”

The term “habituation” has been used through-
out this review to identify a series of repeated
stimulations or to describe the effects of such a
series on various responses. Most investigators care-
fully restrict the meaning of the term to “response
reduction” or, considering habituation to represent
a valid class of learning, cite Thorpe’s definition
(ref. 191): “a tendency merely to drop out re-
sponses”, Although vestibular research findings
appear to share many of the general characteristics
ascribed to other habituation phenomena (refs.
70, 116, and 192), such definitions fail to describe
adequately the dynamic processes of change which
are evident as a result of repeated vestibular stim-

ulation under at least some conditions. For example,
repeated exposure to Coriolis stimulation in the light
reduces nystagmus and subjective reactions in both
light and darkness; an overall suppression of the
responses appears to occur. However, closer exam-
ination indicates that a conditioned compensatory
reaction has developed to oppose these reactions
(refs. 55 and 149). There is no simple dropping
out of responses; instead, there is a gradual inhi-
bition of the original response as the opposed
reaction becomes more fully developed. These op-
posed reactions have appeared most clearly under
two nonexclusive conditions: (1) when there is an
element of conflict between vestibular and visual
signals (and perhaps others of a sensory nature);
and (2) where the organism is attempting to adapt
to an unusual vestibular environment. In darkness,
nystagmus repeatedly elicited by simple vestibular
stimulation is not simply reduced in alert subjects;
the form of the response is changed, and the change
appears to be due to increased activity of the fast
phase of the eye movement, which concomitantly
reduces the amount of slow-phase eye excursion
(refs. 80 and 122). With very brief responses, such
as those elicited by mild turns of short arc, in-
creasingly more frequently fast phases may grad-
ually obliterate the original form of nystagmus (ref.
121). “Active modification” would more closely
describe the effects of repeated stimulation on
human vestibular responses.

The above suggests the possibility of more than
one kind of vestibular habituation. In the section
on arousal, the notion of psychological or situa-
tional habituation was discussed in terms of arousal
factors. In addition, repeated vestibular stimulation
of animals produces some effects apparently dif-
ferent from those obtained from human subjects.
Cats, for example, show a very rapid reduction of
all measures of ocular responses (in darkness or in
light) similar to what might occur with a nonalert
human subject, even though this overall reduction
occurs. in animals that seem alert, or that have
received an analeptic drug, and in which various
sensory methods of arousal do mnot significantly
restore nystagmus. Thus, in spite of a rich history
of research, there remain considerable gaps in
knowledge concerning specific effects of repeated
stimulation on vestibular reactions and, moreover,
there remain important questions regarding the
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extent to which changes in the reaction patterns of
animals can be generalized to human response pat-
terns. It is suggested, however, that central pro-
cesses are activated as a result of repeated vestibular
stimulation, and that limiting the term “habitua-
tion” to a “simple dropping out of responses” masks
dynamic changes and interactions that occur as
these responses become modified.

1,

2.

10.

11

12,

13.

REFERENCES

RuppErT, J.: Untersuchungen iiber den Drehnystagmus.
Zbl. Inn. Med., vol. 27, 1906, pp. 465-478.

BArAny, R.: Weitere Untersuchungen iiber den vom
Vestibularapparat des Ohres Reflektorisch Ausgelds-
ten Rhythmisechen Nystagmus und seine Begleiter-
scheinungen. Mschr, Ohrenheilk., vol. 41, 1907, pp.
477-526.

. AseLs, H.: Uber Nachempfindung im Gebiete des

Kinasthetischen und Statischen Sinnes. Ein Beitrag
zur Lehre vom Bewegungschwindel (Drehschwindel).
Z. Psychol. Physiol. Sinnesorg., vol. 43, 1906, pp.
268-289 and 374-422.

. Young, L. R.: Measuring Eye Movements. Am. J. Med.

Electron., vol. 2, 1963, pp. 300-307.

. Ascuan, G.; Bercstent, M.: aAND STAHLE, J.: Nystag-

mography: Recordings of Nystagmus in Clinical
Neuro-otological Examinations. Acta Oto-Laryngol.,
suppl. 129, 1956, pp. 1-103.

. Fruur, E.; anp Eriksson, L.: Nystagmographic Re-

cording of Vertical Eye Movements, Acta Oto-Laryn-
gol., vol. 53, 1961, pp. 486-492.

. Fruur, E.; ano Mewnper, L.: Recording of Vertical

Rotatory Nystagmus. Proc. Oto-Rhino-Laryngol., vol,
25, 1963, pp. 319-323.

. DoesscHATE, G. TEN; AND DoEesscHATE, J. TEN: The

Influence of the State of Adaptation on the Resting
Potential of the Human Eye. Ophthalmologica, vol.
132, 1956, pp. 308-320.

. DoesscHATE, G. TEN; AND DorsscHATE, J. TEN: The

Influence of the State of Adaptation on the Resting
Potential of the Human Eye (2nd Communication).
Ophthalmologica, vol. 134, 1957, pp. 183-193.

Byrorp, G. H.: Anomalies of the Human Corneoretinal
Potential, FPRC Report 1223 Flying Personnel Re-
search Committee, Ministry of Defence (Air),
London, 1964.

Fearine, F. S.; anp Mowrer, O. H.: The Effect of
General Anesthesia Upon the Experimental Reduction
of Vestibular Nystagmus. J. Gen. Psychol., vol, 11,
1934, pp. 133-144.

Mowrer, O. H.: Influence of “Excitement” on the Dura-
tion of Post Rotational Nystagmus. Arch, Otolaryn-
gol., vol. 19, 1934, pp. 46-54.

WEenDT, G. R.: An Interpretation of Inhibition of Con-
ditioned Reflexes as Competition Between Reaction
Systems. Psychol. Rev., vol. 43, 1936, pp. 258-281.

14.

15.

16.

17.

18.

19,

20,

21.

22.

23.

24,

26.

27.

28.

29.

30.

187

WenpT, G. R.: Vestibular Functions. Handbook of Ex-
perimental FPsychology, S. S. Stevens, ed., Wiley, 1951,
pp. 1191-1223,

Hoop, J. D.; anp Prartz, C. R.: Observations Upon
the Effects of Repeated Stimulation Upon Rotational
and Caloric Nystagmus. J. Physiol., London, vol. 124,
1954, pp, 130-144.

Crampron, G. H.; anp Scuwam, W. J.: Effects of
Arousal Reaction on Nystagmus Habituation in the
Cat. Am. J. Physiol., vol, 200, 1961, pp. 29-33.

CramptoN, G. H.: Habituation of Ocular Nystagmus of
Vestibular Origin. The Oculomotor System, M. B,
Bender, ed., Harper & Row, 1964, pp. 332-346.

Ophthalmologica, vol. 134, 1957, pp. 183-193.

Dowp, P. J.: Responses of the Habituated Vestibulo-
ocular Reflex Are to Drug Stress, SAM-TDR-64-72,
USAF School of Aerospace Medicine, Brooks Air
Force Base, Texas, 1964.

CenaccHl, V.; FeEnu, G.; anp Gasriernl, L.: L’Azoine
dell’ Amfetamina Sulla Risposta Nistagmica da
Stimoli Rotacceleratori. Studio Sperimentale Con-
dotta sul Coniglio. Bull. Soc. Ital. Biol. Sper., vol.
41, 1964, pp. 527-530.

Worrg, J, W.: Evidence for Control of Nystagmic
Habituation by Folium-Tuber Vermis and Fastigial
Nuclei. Acta Oto-Laryngol., suppl. 231, 1968, pp. 1-48.

Jonckrrs, L. B. W.; anp Puiripszoon, A. J.: Some
Nystagmographical Methods For the Investigation of
the Effect of Drugs Upon the Labyrinth. Acta Physiol.
Pharmacol. Neerl., vol. 9, 1960, pp. 240-275.

Jo~ckeEs, L. B. W.; anp Puinieszoon, A. J.: Electro-
nystagmography. Acta suppl. 189,
1964, pp. 1-111.

Beremann, F.; anp Gurman, J.: Effect of Largactil on
Various Forms of Nystagmus. Psychopharmacol. Serv.,
Cent. Bull.,, vol. 2, 1962, pp. 57-58.

GrirriTH, C. R.: The Organic Effects of Repeated
Bodily Rotation. J. Exptl. Psychol., vol. 3, 1920, pp.
15-47,

Oto-Laryngol.,

. Corrins, W. E.; CramproN, G. H.; anp Posner, J. B.:

Effects of Mental Activity Upon Vestibular Nystagmus
and the Electroencephalogram. Nature, vol. 190, 1961,
pp. 194-195,

BFkEsy, G. von: Subjective Cupulometry. Arch. Oto-
Laryngol., vol. 61, 1955, pp. 16-28.

Grokn, J. J.; anp Jonekees, L. B. W.: The Turning
Test with Small Regulable Stimuli. 1V. The Cup-
ulogram Obtained by Subjective Angle Estimation.
J. Laryngol., vol. 62, 1948, pp. 236—240.

Manoney, J. L.; HarLan, W, L.; anp Bickrorp, R. G.:
Visual and Other Factors Influencing Caloric Ny-
stagmus in Normal Subjects. Arch. Otolaryngol., vol.
66, 1957, pp. 46-53.

LipvaLs, H. F.: Vertigo and Nystagmus Responses to
Caloric Stimuli Repeated at Short Intervals, Acta
Oto-Laryngol., vol. 53, 1961, pp. 33-44.

Guebry, F. E.; Corrins, W. E.; anp Suerrey, P, L.:
Perceptual and Oculomotor Reactions to Interacting



188

31

32.

33.

34.

35.

36,

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Visual and Vestibular Stimulation. Percept. Mot.
Skills, vol. 12, 1961, pp. 307-324.

. Guepry, F. E.; anp Lauver, L. S.: Vestibular Reactions
During Prolonged Constant Angular Acceleration. J.
Appl. Physiol., vol, 16, 1961, pp. 215-220.

Coruins, W. E.; anp Guebry, F. E.: Arousal Effects
and Nystagmus During Prolonged Constant Angular
Acceleration. Acta Oto-Laryngol,, vol. 54, 1962, pp.
349-362.

Corrins, W, E.: Effects of Mental Set Upon Vestibular
Nystagmus. J. Exptl. Psychol., vol. 63, 1962, pp.
191-197.

Corrins, W. E.: Manipulation of Arousal and its Effects
upon Human Vestibular Nystagmus Induced by
Caloric Irrigation and Angular Accelerations. Aero-
space Med., vol. 34, 1963, pp. 124-129.

Corrins, W. E.: Task-control of Arousal and the Effects
of Repeated Unidirectional Angular Acceleration on
Human Vestibular Responses. Acta Oto-Laryngol.,
suppl. 190, 1964, pp. 1-34.

CorLins, W. E.: Subjective Responses and Nystagmus
Following Repeated Unilateral Caloric Stimulation.
Ann, Otol., vol. 74, 1965, pp. 1034—-1054.

Corrins, W, E.; anp PosnEr, J. B.: Electroencephalo-
gram Alpha Activity During Mild Vestibular Stimula-
tion. Nature, vol. 199, 1963, pp. 933-934.

Lmvary, H. F.: Specific and Nonspecific Traits of Ha-
bituation in Nystagmus Responses to Caloric Stimuli.
Acta Oto-Laryngol., vol. 55, 1962, pp. 315-325.

Barser, H.; anp WricHT, G.: Release of Nystagmus
Suppression in  Clinical Electronystagmography.
Laryngoscope, vol. 77, 1967, pp. 1016-1027.

Benson, A, J.; Goorney, A. B.; anp Reasow, J. T.:
The Effect of Instructions Upon Postrotational Sen-
sations and Nystagmus. Acta Oto-Laryngol., vol. 62,
1966, pp. 442-452,

Branp, J. J.: The Effect of Repetition on Measurements
of Postrotational Turning Sensation and Nystagmus
in Man, Quart. J. Exptl. Physiol., vol. 53, 1968, pp.
312-326.

Dowp, P. J.: Factors Affecting Vestibular Nystagmus
in Coriolis Stimulation. Acta Oto-Laryngol., vol. 61,
1966, pp. 228-236.

GrruingHaM, K. K.: Mental Arithmetic During Electro-
nystagmographic Testing. Ann. Otol., vol. 78, 1969,
pp. 575-586.

Marsuarr, J, E.; anp Brown, J. H.: Visual-Arousal
Interaction and Specificity of Nystagmic Habituation.
USAMRL Report 688, U. S. Army Medical Research
Laboratory, Fort Knox, Kentucky, 1966.

Torok, N.: The Effects of Arousal Upon Vestibular
Nystagmus, Adv. Oto-Rhino-Laryngol., vol, 17, 1970,
pp. 76-89.

Corrins, W. E.; Guebry, F. E.; anp Posner, J. B.:
Control of Caloric Nystagmus by Manipulating
Arousal and Visual Fixation Distance. Ann. Otol.,
vol. 71, 1962, pp. 187-202.

Benson, A. J.; anp Branp, J. J.: Some Effects of 1-

48.

49.

52,

53.

54.

55.

56.

57,

58.

59.

60.

61.

62.

63.

. Harris, C. S.; Guebry, F. E.;

o
M

THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

Hyoscine Hydrobromide on Postrotatory Sensation
and Nystagmus in Man. Quart. J. Exptl, Physiol,
vol. 53, 1968, pp. 296-311.

Corrins, W. E.; axp Poe, R. H.: Amphetamine,
Arousal, and Human Vestibular Nystagmus. J. Phar-
macol. Exptl. Therap., vol. 138, 1862, pp. 120-125.

ScHRrROEDER, D. J.: Influence of Alcohol on Vestibular
Responses to Angular Acceleration. Aerospace Med.
(in press), 1971.

. ScHROEDER, D. J.: Some Effects of Alcohol on Nystag-

mus and “Vertigo” During Caloric and Optokinetic

Stimulation. Ann. Otel. (in press), 1971,

AND GRAYBIEL, A.:
Positional Alcohol Nystagmus in Relation to Labyrin-
thine Function, NSAM-839. Naval School of Aviation
Medicine, Pensacola, Fla., 1962.

AscHaN, G.; FiNer, B. L.; anp HasrartH, K. E.: The
Influence of Hypnotic Suggestion on Vestibular
Nystagmus. Acta Oto-Laryngol., vol, 55, 1962, pp.
97-110.

Correra, M. J.; anxp Guebry, F. E.: Influence of
Labyrinth Orientation Relative to Gravity on Re-
sponses Elicited by Stimulation of the Horizontal
Semicircular Canals. NSAM-905. Naval School of
Aviation Medicine, Pensacola, Fla., 1964.

Correla, M. J.; axp Guebry, F. E.: Modification of
Vestibular Responses As a Function of Pate of Rota-
tion About an Earth-Horizontal Axis. Acta Oto-
Laryngol., vol. 62, 1966, pp. 297-308,

Guebry, F. E.: Visual Control of Habituation to Com-
plex Vestibular Stimulation in Man. Acta Otg-Taryn.
gol., vol. 58, 1964, pp. 377-389.

AxcyaL, A.; Anp Brackman, N.: Vestibular Reactivity
in Schizophrenia. Arch. Neurol. Psychiat., vol. 44
1940, pp. 611-620.

Craupg, H.; Baruk, H.; anp Ausry, M.: Contribution
a I'Etude de la Démence Précoce Catatonique:
Inexcitabilité Labyrinthique au Cours de la Catatonie.
Rev. Neurol.,, vol. 1, 1927, pp. 976-980.

CorserT, E. G.; KoecrLer, R. R.; anp MarkHAM, C,
H.: Vestibular Dysfunction in Childhood Schizo-
phrenia. Arch, Gen. Psychiat., vol. 1, 1959, pp. 600—
617.

Porrack, M.; anp Kriecer, H. P.: Oculomotor and
Postural Patterns in Schizophrenic Children. Arch,
Neurol. Psychiat., vol, 79, 1958, pp. 720-726.

Kine, B. G.: The Influence of Repeated Rotations on
Decerebrate and on Blinded Squabs. J. Comp. Psy-
chol., vol. 6, 1926, pp. 399-421.

Hubprestown, O. L.: The Influence of Retinal Stimuli
Upon Labyrinthine Head Nystagmus of Pigeons. Am.
J. Physiol,, vol. 95, 1930, pp. 465-472.

Fearing, F. S.: Postrotational Head Nystagmus in
Adult Pigeons. J. Comp. Psychol., vol. 6, 1926, pp.
115-131.

Fearing, F. S.: The Retention of the Effects of Re-
peated Elicitation of the Postrotational Nystagmus in
Pigeons. 1. The Retention of the Effects of “Massed”

£l



64.

066.

67.

68.

69.

HABITUATION OF VESTIBULAR RESPONSES: AN OVERVIEW

Stimulation. J. Comp. Psychol., vol. 30, 1940, pp.
31-40.

Fraring, F. S.: The Retention of the Effects of Re-
peated Elicitation of the Postrotational Nystagmus
in Pigeons. II. The Retention of the Effects of
“Distributed” Stimulation. J. Comp. Psychol., vol.
31, 1941, pp. 47-56.

. Brown, J. H.: Acquisition and Retention of Nystagmic

Habituation in Cats With Distributed Acceleration
Experience. J. Comp. Physiol. Psychol., vol. 60, 1965,
pp. 340-343.

Lunmpkin, R. C.: Postrotation Nystagmus in the Rabbit
With Head Fixed and Head Free. J. Comp. Psychol.,
vol. 7, 1927, pp. 181-185.

Maxwerr, S, S.: Burkkg, U. L.; anp Reston, C.: The
Effect of Repeated Rotation on the Duration of
After-Nystagmus in the Rabbit. Am. J. Physiol., vol.
58, 1922, pp. 432--438.

Mowreg, O. H.: The Modification of Vestibular Nystag-
mus by Means of Repeated Elicitation. Comp. Psy-
chol. Monogr., vol. 9, no. 45, 1934, pp. 1-48.

Mowrer, O. H.: Some Neglected Factors Which In-
fluence the Duration of Postrotational Nystagmus.
Acta Oto-Laryngol., vol. 22, 1935, pp. 1-23.

70. Harstesn, W.: The Effects of Cerebellar Lesions Upon

76.

. Harstean, W.; Yacorzynski, G.:

. CorLLins, W. E.:

Habituation of Postrotational Nystagmus. Comp.
Psychol. Monogr., vol, 12, 1935, pp. 1-130.

anp FEearing, F.:
Further Evidence of Cerebellar Influence in the
Habituation of After-Nystagmus in Pigeons. Am. J.

Physiol., vol. 120, 1937, pp. 350-355.

. GrirriTH, C. R.: The Effect Upon the White Rat of

Continued Bodily Rotation. Am. Naturalist, vol. 54,
1920, pp. 524-534.

. Fukupa, T.: Hinoki, M.; anp Toxkira, T.: Static and

Kinetic Labyrinthine Reflex: Functional Development
of Labyrinthine Function With Rotatory Training.
Acta Oto-Laryngol., vol. 49, 1958, pp. 467-477.

. Maxwerr, S. S.: The Effect of Habituation on the

Rotation Nystagmus as Compared With the After-
Nystagmus in the Rabbit. Am. J, Physiol., vol. 68,
1924, pp. 125-126,

. Piz, G. F.: On the Relation of the After-Nystagmus

to Rotation Nystagmus. I. Direct Effects of Rotations.
Am, J. Physiol., vol. 77, 1926, pp. 428—442.

Pz, G. F.: On the Relation of After-Nystagmus to
Rotation Nystagmus, II. Modifying Influences. Am.
J. Physiol., vol. 77, 1926, pp. 443-458.

. Henbersown, J. W.: Optokinetic and Other Factors

Modifying Vestibular Nystagmus. Arch. Ophthal.,
vol. 37, 1947, pp. 459-471.

. MaxweLL, S. S.; anp Pz, G. F.: On the Relation of

Labyrinthine and Retinal Excitations in the Rabbit.
Am. J. Physiol.,, vol, 70, 1924, pp. 118-121.
Primary, Secondary, and Caloric
Nystagmus of the Cat Following Habituation to
Rotation. J. Comp. Physiol. Psychol., vol. 57, 1964,
pp. 417-421.

80.

81.

83.

84.

85.

86.

817,

88.

89.

90.

91.

92,

93.

94.

2, Mertens, R, A.:

189

Corrins, W. E.: Nystagmus Responses of the Cat to
Rotation and to Directionally Equivalent and Non-
equivalent Stimuli After Unilateral Caloric Habitua-
tion, Acta Oto-Laryngol., vol. 58, 1964, pp. 247-258.

Corrins, W. E.: Influence of Head Position on the
Habituation of Vertical Vestibular Nystagmus in the
Cat. J. Comp. Physiol. Psychol., vol. 67, 1969, pp.
156-159.

anp Corrins, W, E.: Unilateral
Caloric Habituation of Nystagmus in the Cat: Effects
on Rotational and Bilateral Caloric Responses. Acta
Oto-Laryngol., vol. 64, 1967, pp. 281-297.

Prince, A. L.: Observations on the Physiology of the
Otic Labyrinth. The Influence of Prolonged Rotation
on the Duration of Postrotatory Nystagmus. Proc. Soc.
Exptl. Biol. Med., vol. 17, 1920, pp. 202-203.

Henriksson, N. G.; FernAnoez, C.: anp Komnur, R.:
The Caloric Test in the Cat. Acta Oto-Laryngol.,
vol. 53, 1961, pp. 21-32.

Coruins, W. E.; anp Guepry, F. E.: Duration of
Angular Acceleration and Ocular Nystagmus from
Cat and Man. I. Responses From the Lateral and
the Vertical Canals to Two Stimulus Durations. Acta
Oto-Laryngol., vol. 64, 1967, pp. 373-387.

AscHaN, G.; anp BeresTept, M.: The Genesis of
Secondary Nystagmus Induced by Vestibular Stimuli.
Acta Soc. Med. Upsala, vol. 60, 1955, pp. 113-122.

Guebry, F. E.; axp Corrins, W. E.: Duration of
Angular Acceleration and Ocular Nystagmus From
Cat and Man. II. Responses From the Lateral Canals
to Varied Stimulus Durations. Acta Oto-Laryngol.,
vol. 65, 1968, pp. 257-269.

CrampTON, G. H.: Directional Imbalance of Vestibular
Nystagmus in Cat Following Repeated Unidirectional
Angular Acceleration. Acta Oto-Laryngol., vol. 55,
1962, pp. 41-48.

Brownx, J. H.; axp Marsuatt, J. E.: Drug Control of
Arousal and Nystagmic Habituation in the Cat. Acta
Oto-Laryngol., vol. 64, 1967, pp. 345-352.

Corrnins, W. E.; anp Uppecrarr, B. P.: A Comparison
of Nystagmus Habituation in the Cat and the Dog.
Acta Oto-Laryngol., vol. 62, 1966, pp. 19-26.

Wineer, C. M.; anp Smura, A. H.: Quantitative
Measurement of the Labyrinthine Function in the
Fowl by Nystagmography. J. Appl. Physiol., vol. 17,
1962, pp. 712-718.

Wincer, C. M.; Smitu, A. H.; axp Kewry, C. F.:
Effects of Chronic Acceleration on Induced Nystag-
mus in the Fowl. J. Appl: Physiol., vol. 17, 1962, pp.
709-711.

CramrroN, G, H.: Effects of Visual Experience on
Vestibular Nystagmus Habituation in the Cat. Acta
Oto-Laryngol., vol. 55, 1962, pp. 516-526.

Crampron, G. H.; anp Brown, J. H.: Repeated
Vertical Semicircular Canal Stimulation Does Not
Habituate Horizontal Nystagmus in Cat. Acta Oto-
Laryngol., vol. 58, 1964, pp. 441-448,



190

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

5. Corrins, W. E.; ano Upprcrarr, B. P.: Possible Inter-

actions Between Gravireceptors and Semicircular
Canals in the Habituation of Vertical Nystagmus in
Parrots. Acta Oto-Laryngol., vol. 69, 1970, pp. 257-
265.

Corrins, W. E.: Effects on Vestibular Habituation of
Interrupting Nystagmic Responses With Opposing
Stimuli. J, Comp. Physiol. Psychol., vol. 64, 1967, pp.
308-312.

Dou~tap, K.: Adaptation of Nystagmus to Repeated
Caloric Stimulation in Rabbits. J. Comp. Psychol,
vol. 5, 1925, pp. 485-493.

Hexriksson, N. G.; Kowur, R.; axp FernAnpez, C.:
Studies on Habituation of Vestibular Reflexes. I.
Effect of Repetitive Caloric Test. Acta Oto-Laryngol.,

53, 1961, pp. 333-349.

Fernanpez, C.; anp Scuwmip, R.: Studies on Habitua-
tion of Vestibular Reflexes. II. Effect of Caloric
Stimulation in Decorticated Cats. Ann. Otol., vol. 71,
1962, pp. 299-321.

FerNAnpez, C.; anp Scamip, R.: Studies in Habitua-
tion of Vestibular Reflexes: III. A Revision. Laryngo-
scope, vol. 72, 1962, pp. 939-953.

Procror, L. R.: axp Frrnispez, C.: Studies on
Habituation of Vestibular Reflexes. IV, Effect of
Caloric Stimulation in Blindfolded Cats. Acta Oto-
Laryngol., vol. 56, 1963, pp. 500-508.

Capps, M. J.: anp Corrins, W. E.: Effects of Bilateral
Caloric Habituation on Vestibular Nystagmus in the
Cat. Acta Oto-Laryngol., vol. 59, 1965, pp. 511-530.

Courins, W, E.: Some Methodological Considerations
in Caloric Tests of Vestibular Function. Third Sym-
posium on the Role of the Vestibular Organs in
Space Exploration, NASA SP-152, 1968, pp. 393-401.

Corrins, W. E.: Effects of “Double Irrigations” on the
Caloric Nystagmus of the Cat. Acta Oto-Laryngol.,
vol. 59, 1965, pp. 45-54.

Riesco-Mac-Crurg, J. S.: Caloric Tests: Methods and
Interpretation. Ann. Otol., vol. 73, 1964, pp. 829-837.

Fukupa, T.: Tokira, T.; Hinoki, M.; anp KiTaAHARA,
M.: The Physiology of Training the Functional De-
velopment of the Labyrinthine Function Through the
Daily Repetition of Rotary, Centrifugal, Seesaw and
Pendulum-like motions. Acta Oto-Laryngol., vol. 56,
1963, pp. 240-250.

GrrrritH, C. R.: A Note on the Persistence of the
“Practice Effect” in Rotation Experiments. J. Comp.
Psychol., vol. 4, 1924, pp. 137-149.

GrirriTH, C. R.: The Cumulative Effects of Rotational
Increments. Illinois State Acad. Sci. Trans., vol. 13,
1920, pp. 122-134.

GrirriTH, C. R.: An Experimental Study of Dizziness.
J. Exptl. Psychol., vol. 3, 1920, pp. 89-125.

HousorpiE, J. Q.: Factors Affecting the Duration of
Postrotation Nystagmus. J. Comp. Psychol., vol. 3,
1923, pp. 283-304.

HovsorpLg, J. Q.: An Explanation for the Unequal Re-

vol.

112,

113.

114.

115.

118.

119.

120.

123.

124.

125.

126.

127.

. Corrins, W. E.:

»
»

THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

ductions in Postrotation Nystagmus Following Ro-
tation Practice in Only One Direction. J. Comp.
Psychol., vol. 4, 1924, pp. 185-193.

Browxn, J. H.: Interacting Vestibular Stimuli and
Nystagmic Habituation. Acta Oto-Laryngol., vol. 62,
1966, pp. 341-350.

HowsorpLk, J. Q.: Some Effects of Duration and Direc-
tion of Rotation on Postrotation Nystagmus. J. Comp.
Psychol., vol. 3, 1923, pp. 85-100.

Dorcus, R. M.: A Comparison of Postrotation Nystag-
mus Duration For Repeated Stimulation With the
Head Fixed and Free. J. Comp. Psychol., vol. 7,
1927, pp. 177-179.

Mowger, O. H.: The Influence of Vision During Bodily
Rotation Upon the Duration of Postrotational Vesti-
bular Nystagmus. Acta Oto-Laryngol, vol. 25, 1937,
pp. 351-364.

. Dobce, R.: Habituation to Rotation. J. Exptl. Psychol.,

vol. 6, 1923, pp. 1-35.

. Ascuan, G.: Nyrew, C. O.: Sranig, J.; axp WERSALL,

R.: The Rotation Test: Cupulometric Data from
320 Normals. Acta Oto-Laryngol., vol. 42, 1952, pp.
451-459.

Suvzuki, J.: anp Torsuka, G.: Postrotatory Nystagmus:
Modifications Observed in Experiments With Re-
peated Rotatory Stimulation. Acta
vol. 51, 1960, pp. 570-578.

Fruur, E.; ano Mexnpir, L.: Habituation, Efference
and Vestibular Interplay. III. Unidirectional Rotatory
Habituation. Acta Oto-Laryngol., vol, 57, 1964, pp.
81-88.

Pravrz, C. R.; anp Arx, S. V.: Zur Wirkung Wieder-
holter Thermischer und Rotatorischer Reize auf das
Normale Vestibuldare Endorgan. Acta Oto-Laryngol.,
vol. 63, 1967, pp. 191-207.

Oto-Laryngol.,

. Wex~pt, G. R.: The Nature of Adaptation to Oscillatory

Rotation. The Role of the Vestibular Organs in the
Exploration of Space, NASA SP-77, 1965, pp. 133—
139.

Special Effects of Brief Periods of
Visual Fixation on Nystagmus and Sensations of
Turning. Aerospace Med., vol. 39, 1968, pp. 257-266.

Torok, N.: Nystagmus Frequency versus Slow-Phase
Velocity in Rotatory and Caloric Nystagmus. Ann.
Otol., vol. 78, 1969, pp. 625-639.

Jounson, D. D.: anp Torok, N.: Habituation of
Nystagmus and Sensation of Motion After Rotation.
Acta Oto-Laryngol., vol. 69, 1970, pp. 206-215.

McCage, B. F.: Vestibular Suppression in Figure Skat-
ers. Trans. Am. Acad. Ophthal. Otolaryngol., vol.
64, 1960, pp. 264-268.

Corrins, W. E.: Vestibular Responses From Figure
Skaters. Aerospace Med., vol. 37, 1966, pp. 1098-
1104,

Fukupa, T.; Tokira, T.; Aoxia, S.; Waranasg, T.;
Hisuipa, K.; Tasurro, K.; Mivara, H.; anp
Mazuoka, U.: Study on Nystagmus During Voluntary



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

HABITUATION OF VESTIBULAR RESPONSES: AN OVERVIEW

Acts: Observation of Rotation in Ballet. J. Oto-Rhino-
Laryngol. Soc. Japan (suppl.), vol. 70, 1967, pp.
11-12.

OsterHAMMEL, P.; TrrkiLpseN, K.; ANp ZiLSTORFF, K, :
Vestibular Habituation in Ballet Dancers. Acta Oto-
Laryngol., vol. 66, 1968, pp. 221-228.

Dix, M. R.: anp Hoop, J. D.: Observations Upon the
Nervous Mechanism of Vestibular Habituation. Acta
Oto-Laryngol., vol. 44, 1969, pp. 310-318.

Tscinassny, K.: Perrotatory Nystagmus in the Ballet
Dancer, Pigeon, and Blind Person. Ann. Otol., vol.
66, 1957, pp. 641-648.

Browx, J. H.; ano Crampron, G. H.: Concomitant
Visual Stimulation Does Not Alter Habituation of
Nystagmic, Oculogyral or Psychophysical Responses
to Angular Acceleration, Acta Oto-Laryngol., vol, 61,
1961, pp. 80-91.

Guebry, F. E.: Psychophysiological Studies of Vesti-
bular Function. Contributions to Sensory Physiology,
W. D. Neff, ed., Academic Press, 1965, pp. 63-135.

Ascran, G.: Response to Rotatory Stimuli in Fighter
Pilots. Acta Oto-Laryngol., suppl. 116, 1954, pp. 24—
31

Ascuax, G,: Habituation to Repeated Rotatory Stimuli
(Cupulometry) and the Effect of Antinausea Drugs
and Alcohol on the Results. Acta Oto-Laryngol., vol.
64, 1967, pp. 95-106.

Carorare, R.; anp Camamrpa, V.: La Funzionalita
Vestibolare di Alcuni Piloti di Pattuglia Acrobatica.
Riv. Med. Aeron., vol. 21, 1958, pp. 12-36.

Bexsoxn, A. J.; anp Bobin, M, A.: Effect of Orientation
to the Gravitational Vertical on Nystagmus Following
Rotation About a Horizontal Axis. Acta Oto-Laryngol.,
vol. 61, 1966, pp. 517-526.

Benson, A. J.: anp Bobin, M. A.: Interaction of
Lincar and Angular Accelerations on Vestibular Re-
ceptors in Man. Aerospace Med., vol. 37, 1966, pp.
144-154.

Guenry, F. E.: Orientation of the Rotation Axis Re-
lative to Gravity: Its Influence on Nystagmus and
the Sensation of Rotation. Acta Oto-Laryngol., vol.
60, 1965, pp. 30-48.

Benson, A. J.; ano WaiTesibE, T. C. D.: The Effect
of Linear Acceleration on the Response to Angular
Acceleration in Man, J. Physiol., London, vol. 156,
1961, pp. 6P-7P.

LansBerc, M. P.; Gukbry, F. E.; ano GRAYBIEL, A.:
Effect of Changing Resultant Linear Acceleration

Relative to the Subject on Nystagmus Generated by

Angular Acceleration. Aerospace Med., vol. 36, 1965,
pp. 456—460.

Bercstept, M.: The Effect of Gravitational Force on
the Vestibular Caloric Test. Acta Oto-Laryngol., vol.
53, 1961, pp. 551-562.

BercsTepT, M.: Studies of Positional Nystagmus in
the Human Centrifuge. Acta Oto-Laryngol., suppl.
165, 1961, pp. 1-144.

143.

144,

145.

146.

147.

148.

149.

151.

153.

154.

155.

156.

2. Guenry, F. E.: Gravnicr, A.:

191

Orrov, I. V.: Thresholds of Caloric Nystagmus During
Rotation at Constant Velocity. Proc. Acad. Sci. USSR,
vol. 156, 1964, pp. 972-975.

Yucaxov, Y, M.: The Problem of Functional Character-
istics and Interaction of the Otolithic and Cupular
Portions of the Vestibular Apparatus Under Con-
ditions of Altered Gravity. Problems of Space Biology,
vol. 4, N. M. Sisakyan, ed.,, NASA TT F-368, 1966,
pp. 48-63.

McLron, M. E.; axp Correia, M. J.: Use of Caloric
Test in Evaluating the Effects of Gravity on Cupula
Displacement. NSAM-889. Naval School of Aviation
Medicine, Pensacola, Fla., 1964,

Owana, K.: anp Oxusu, K.: The Otolithic Reaction
on Nystagmus by Caloric Stimulations. Japan Society
of Vestibular Rescarch: Contribution to the Vesti-
bular Physiology and Vestibular Test, Acta Oto-
Laryngol., suppl, 179, 1963, pp. 1-6.

Niven, J. L: Hixsonx, W. C.: anp Correra, M. J.:
Elicitation of Horizontal Nystagmus by Periodic
Linear Acceleration. Acta Oto-Laryngol., vol, 62, 1966,
pp. 429-441.

Hixson, W, C.: anp Nivey, J. L: A Bioinstrumentation
Control Center For the Human Disorientation Device.

NSAM-848. Naval School of Aviation Medicine,
Pensacola, Fla., 1963.
Gurpry, F. E.; anp Grayvsier, A.: Compensatory
Nystagmus Conditioned During Adaptation to Living
in a Rotating Room, J. Appl. Physiol., vol. 17, 1962,
pp. 398-404.
. Guebry, F. E.; axp Mox~tacuk, E. K.: Quantitative

Evaluation of the Vestibular Coriolis Reaction. Aero-
space Med., vol. 32, 1961, pp. 487-500.

Guenry, I, E.; Corrins, W. E.; anp GrAYBIEL, A.:
Vestibular Habituation During Repetitive Complex
Stimulation: A Study of Transfer Fffects. J. Appl.
Physiol., vol. 19, 1964, pp. 1005-1015.

anp Cornins, W. E.:
Reduction of Nystagmus and Disorientation in Human
Subjects. Aerospace Med., vol. 33, 1962, pp. 1356—
1360.

Dowp, P. J.; axp Cramir, R, L.: Habituation Trans-
ference in Coriolis Acceleration. Aerospace Med., vol.
38, 1967, pp. 1103-1107.

Guepry, F. E.: Habituation to Complex Vestibular
Stimulation Transfer and Retention of
Effects From 12 Days of Rotation at 10 rpm. Percept.
Mot. Skills, Monogr. suppl. 1-V21, 1965, pp. 459-481.

Frrzcerawn, G.; ano Havrieike, C. S.:
Human Vestibular Observations on
the Directional Preponderance (“Nystagmusbereits-
chaft”) of Caloric Nystagmus Resulting From
Cerebral Lesions. Brain, vol, 65, 1942, pp. 115-137.

Locu, W, E.; anp Haines, H. L.: Habituation to
Caloric Vestibular Stimulation. Laryngoscope, vol.
50, 1946, pp. 43-45.

in Man:

Studies in
Function. 1.



159.

160.

161.

162.

163.

164,

165.

166.

167.

168.

169.

170.

THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

. StaHLE, J.: Electronystagmography in the Caloric Test.

Acta Soc. Med. Upsala,, vol. 61, 1957, pp. 307-332.

. Liovarr, H. F.: Vertigo and Nystagmus Responses to

Caloric Stimuli Repeated at Short and Long Intervals.
Acta Oto-Laryngol., vol. 53, 1961, pp. 507-518.

Lwvary, H. F.: Mechanisms of Motion Sickness as
Reflected in the Vertigo and Nystagmus Responses
to Repeated Caloric Stimuli. Acta Oto-Laryngol., vol.
55, 1962, pp. 527-536.

Fruur, E.; axp MEenpeL, L.: Habituation, Efference
and Vestibular Interplay. I. Monaural Caloric Ha-
bituation, Acta Oto-Laryngol., vol. 55, 1962, pp. 65—
80.

FLuur, E.; axo MenpeL, L.: Habituation, Efference
and Vestibular Interplay. II. Combined Caloric
Habituation. Acta Oto-Laryngol., vol. 55, 1962, pp.
136-144,

Forssman, B.: Henriksson, N. G.: anxp DoLowitz,
D. A.: Studies on Habituation of Vestibular Reflexes.
VI. Habituation in Darkness of Calorically Induced
Nystagmus, Laterotorsion and Vertigo in Man. Acta
Oto-Laryngol., vol. 56, 1963, pp. 663—-674.

Forssman, B.: Studies on Habituation of Vestibular
Reflexes. VII. Habituation in Light of Calorically
Induced Nystagmus, Laterotorsion and Vertigo in
Man. Acta Oto-Laryngol., vol. 57, 1964, pp. 163-176.

Hex~riksson, N. G.; Dorowirz, D. A.; axp Forssman,
B.: Studies of Cristospinal Reflexes (Laterotorsion) :
A Method For Objective Recording of Cristospinal
Reflexes. Acta Oto-Laryngol., vol. 55, 1962, pp. 33—40.

CoLrins, W. E.: ScHROEDER, D. J.: anp MEerTEns, R.
A.: Relative Specificity of Nystagmus Reduction to
Caloric Stimuli in Humans, Preprints of the Annual
Meeting of the Aerospace Medical Association, 1970,
p. 182.

Havrvpike, C, S.; ano Hoob, J. D.: Fatigue and Adapta-
tion of the Cupular Mechanism of the Human Hori-
zontal Semicircular Canal: An Experimental Investi-
gation. Proc. Roy. Soc. London, vol. 141B, 1953, pp.
542-561.

MEepa, E.: Effetti di Repetuti Eccitamenti Rotatori dell
Apparato Vestibulare sue Fenmonei Soggettivi da
Combiamenta di Perizione del Capo Duranti ¢ Dope
la Rotazione, Riv. Med. Aeron., vol. 10, 1947, pp.
316-323.

GROEN, J. J.; anp Jonckees, L. B. W.: The Turning
Test With Small Regulable Stimuli. III. The Ad-
vantages of Cupulometria Over the Classic Technique
of Barany. J. Laryngol., vol. 62, 1948, pp. 231-235.

DearnaLey, E. J.; Reason, J. T.; ano Davigs, J. D.:
The Nature and Duration of After-Sensations Follow-
in the Cessation of Turning in a Chipmunk Aircraft.
Aerospace Med., vol. 33, 1962, pp. 1224-1229,

PRreBER, L.: Vegetative Reactions in Caloric and Rota-
tory Tests. Acta Oto-Laryngol., suppl. 144, 158, pp.
1-119.

171

173.

174.

175.

176.

178.

179.

180.

181.

183.

184,

185.

186.

2. Benson, A. J.:

. DEW1rt, G.: Seasickness (Motion Sickness) : A Labyrin-
thological Study. Acta Oto-Laryngol., suppl. 108, 1953,
pp. 1-56.

Modification of Labyrinthine After-
Sensations on Shaking the Head. FPRC Report 1210.
Flying Personnel Research Committee, Ministry of
Defence (Air), London, 1962,

GravBieL, A.: anp Huee, D. L: The Oculogyral
Illusion: A Form of Apparent Motion Which May
Be Observed Following Stimulation of the Semi-
circular Canals. J. Aviat. Med., vol. 17, 1946, pp.
3-27.

Byrorp, G. H.: Eye Movements and the Optogyral
Illusion. Aerospace Med., vol. 34, 1963, pp. 119-123.

Vax Disnoeck, H. A, E.; Sroor, A.; axp NiyHorr, P.:
The Optogyral Illusion and Tts Relation to the Nystag-
mus of the Eyes. Acta Oto-Laryngol., vol. 44, 1954, pp.
597-607.

Vocersane, C. J.: The Perception of a Visual Object
During Stimulation of the Vestibular System. Acta
Oto-Laryngol., vol. 53, 1961, pp. 461-469.

77. CLark, B.: anp Srewart, J. D.: Comparison of Sen-

sitivity For the Perception of Bodily Rotation and
the Oculogyral Illusion. Percep. & Psychophys., vol.
3. 1968, pp. 253-256.

Brown, R. H.: anp Guebry, F. E.: Influence of Visual
Stimulation on Habituation to Rotation. J. Gen.
Psychol., vol. 45, 1951, pp. 151-161.

Guebpry, F. E.: The Effect of Visual Stimulation on the
Duration of Postrotational Apparent Motion Effects.
J. Gen, Psychol., vol. 43, 1950, pp. 313-322.

Guepry, F. E.: The Transfer of Habituation to Rotation
With Respect to the Directional Aspect of the
Vestibular Reaction. NSAM-494. Naval School of
Aviation Medicine, Pensacola, Fla., 1953.

Guepry, F. E.: The Transfer of Habituation to Rota-
tion With Respect to the Magnitude of the Vestibular
Stimulus. NSAM-493. Naval School of Aviation
Medicine, Pensacola, Fla., 1953.

. Guebry, F. E.: The Retention of Effects of “Massed”
and “Distributed” Vestibular Stimulation as Indi-
cated By the Duration of the Oculogyral Illusion.
NSAM—492. Naval School of Aviation Medicine,
Pensacola, Fla., 1953.

Corrins, W. E.: Coriolis Vestibular Stimulation and
the Influence of Different Visual Surrounds. Aero-
space Med., vol. 39, 1968, pp. 125-130.

Corrins, W, E.: Effective Approaches to Disorienta-
tion Familiarization for Aviation Personnel. FAA
Office of Aviation Medicine Report No. 70-17, 1970.

GraysieL, A.; Guebry, F. E.; Jounsos, W. H.; anp
Kexxepy, R.: Adaptation to Bizarre Stimulation of
the Semicircular Canals as Indicated by the Ocu-
logyral Illusion, Aerospace Med., vol. 32, 1961, pp.
321-327.

LiovaLL, H. F.: Neurotic Anxiety and Vestibular



HABITUATION OF VESTIBULAR RESPONSES: AN OVERVIEW 193

Function as Reflected in the Vertigo and Nystagmus
Responses to Repeated Caloric Stimuli. Acta Oto-
Laryngol., vol. 56, 1963, pp. 445-456.

187. HincHcLIFFE, R.: Subjective Magnitude of Induced
Vertigo as an Index of Caloric Response. J. Laryngol.,
vol. 81, 1967, pp. 875-885.

188. Corrins, W. E.; axp Mertens, R. A.: Influence of
Repeated Caloric Vestibular Stimulation on Both
Caloric and Rotation-Induced Vertigo. Preprints of
the Annual Meeting of the Aerospace Medical
Association, 1968, p. 146.

189, MarkARYAN, S, S.: Vestibular Reactions Under the
Effect of Various Angular Accelerations. Aviation

and Space Medicine, V. V. Parin, ed.,, NASA TT
F-228, 1964, pp. 305-308.

190. Coirrins, W, E.: Modification of Vestibular Nystagmus
and “Vertigo” by Means of Visual Stimulation.
Trans. Amer, Acad. Ophthal. Oto-Laryngol., vol. 72,
1968, pp. 962-979.

191. TuorpE, W. H.: The Concepts of Learning and Their
Relation to Those of Instinct. Physiological Mecha-
nisms in Animal Behavior, Cambridge University
Press, 1950, pp. 387—408.

192. Ratner, S. C.: Annelids and Learning: A Critical
Review., Chemisiry of Learning, W. C. Corning and
S. C. Ratner, eds., Plenum Press, 1967, pp. 391—406.



k
&

¥

&

ra

[ z\\\ -

PRECEDING PAGE BLANK NOT FILMED

Otolithic Influences on Extraocular and Intraocular Muscles*

Bo E. GERNANDT
Naval Aerospace Medical Research Laboratory

SUMMARY

A new method for selective stimulation of utricular gravirecepters is described. Utricular

stimulation leads to gross activation of the bulbar reticular formation where a strong interaction
with evoked spino-bulbo-spinal reflex activity occurs, The utricular neurons encountered by micro-
electrodes in the lateral vestibular nuclei show four types of elicited activity; two of these display
an increased firing rate, and two exhibit pronounced inhibitory effects. Application of a stimulus
of long duration and constant intensity to the utricle has shown that rapid adaptation of the
peripheral receptors is a prominent feature.

The effects of selective utricular stimulation upon eye movements, as recorded by the corneo-
retinal potential method, have been studied in experiments on cats and monkeys. Single air-puff
stimulation of the gravireceptors of the isolated utricle evoked brisk conjugate eye deviations,
demonstrating the existence of strong maculo-ocular connections. The principal aim, investigating
the relationship of nystagmus to the otoliths, has been achieved, and it can be firmly stated that
prolonged, constant-intensity mechanical stimulation of the utricle can evoke strong primary
nystagmus, followed by a secondary nystagmus at the cessation of stimulation.

The action of utricular stimulation on ocular reflexes has been examined further, with
particular attention to the effects upon autonomic outflow and intraocular muscle activity. Single
air-puff stimulation evoked pupillary reactions in both cats and monkeys: constriction during the
fast phase of the brisk conjugate eye movement, and dilatation during the slow phase. In monkeys,
during the nystagmus evoked by a prolonged air jet directed at the utricle, the pupils showed
initially a strong dilatation with superimposed rapid minor constrictions of a random frequency.
After the end of stimulation and at the occurrence of a secondary nystagmus, there was a dilatation
during the fast phase and a constriction during the slow phase. As the nystagmus gradually
diminished, the pupils concomitantly returned to control size and ceased to fluctuate. Prolonged
stimulation also gave rise to an increased stream of efferent impulses in sympathetic fibers to the
eye, in synchrony with pupillary dilatation, while the activity of ciliary nerves simultaneously
decreased. However, anatomical integrity of the sympathetic connections is not a prerequisite for
the presence of these pupillary reactions to vestibular stimulation, since their sectioning did not
change the effect.

INTRODUCTION

Because the semicircular canals are more acces-
sible to functional studies, the majority of previous
investigations on the labyrinth have been focused

* The animals used in this study were handled in accor-
dance with the “Principles of Laboratory Animal Care”
established by the Committee on the Guide for Laboratory
Animal Resources, National Academy of Sciences—National
Research Council.

An expanded report appears in Exptl. Neurol, vol. 26,
1970, pp. 203-219; vol. 27, 1970, pp. 90-100; vol. 30, 1971,
pp. 66-76.

on rotation-controlled responses evoked by angular
acceleration under terrestrial conditions. Perusal of
more recent literature indicates, however, that there
has been a slight shift of interest toward otolith
organs since it was noticed that gravity-controlled
responses may change in character during weight-
lessness. Some of the present experiments were
undertaken to record, analyze, and classify the elec-
trical responses to selective mechanical stimulation
of the utricular gravireceptors from single lateral
vestibular units.

Other experiments were undertaken in order to
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observe by naked eye and record, by electrical
means as well as on film for a closer analysis, the
presence or absence, direction, and duration of eye
movements in response to selective utricular stim-
ulation. These studies help to clarify the functional
role of the utricle in controlling conjugate eye
movements and evoking nystagmus.

Finally, a study of eye movements evoked by
utricular stimulation revealed that pupillary action
showed a rhythmic pattern of dilatations and con-
strictions during and immediately after a period of
nystagmus (ref. 1). By putting these latter two
phenomena together in a common frame of refer-
ence, we can infer that utricular stimulation has
two effects, one upon the extraocular muscles and
one upon the intraocular muscles.

METHODS

The experiments were performed on cats and
squirrel monkeys anesthetized with alpha chloralose
(30 to 40 mg/kg, iv). The left utricle was exposed,
and air-puff stimuli were directed against this recep-
tor organ according to a technique previously de-
scribed (ref. 2). The posterior fossa was approached
through an occipital craniotomy. After exposure of
the floor of the fourth ventricle by cerebellectomy,
the lateral vestibular nucleus was penetrated by
stereotaxically oriented tungsten microelectrodes
for single-unit extracellular analysis of activity
elicited by vestibular stimulation. Other procedures,
relevant to evaluation of the results, are described
later.

FINDINGS

Patterns of Evoked Discharge

While testing the kind of stimulation necessary
for the production of a volley of impulses, we varied
stimulus strength, duration of individual stimuli,
number of stimuli in the conditioning train, and
frequency of stimulation. Extracellular recording
from the vestibular nuclei, i.e., from second-order
neurons, showed that response patterns to air-puff
stimulation of the exposed utricle could be separated
into four general types (fig. 1). Two of these showed
an increased firing rate in response to the stimulus,
regardless of the presence or absence of spontaneous
firing and without any overt inhibitory action cur-
tailing the stream of evoked impulses (A and B).
For some units an extremely faint puff of air was
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Ficure 1.—Types of single-unit discharges (A-D) in re-
sponse to utricular stimulation, recorded from lateral
vestibular nucleus. The arrows mark the period of stim-
ulation.

sufficient to provoke a response, while in others a
stronger stimulus was necessary. Illustrated in figure
2 are threshold measurements of a type-A unit,
which was the kind most commonly isolated. An air
puff with a force of 0.7 dyne was, for this particular
unit, of subthreshold strength (A), but an increase
to 1.2 dynes evoked a threshold response (B); thus,
a pure onset pattern occurred commonly and was
characterized by a single discharge or a fast burst
of spikes. In figure 2, C and D, the strength of stim-
ulation was gradually increased to 1.4 and 1.7
dynes, respectively, and a corresponding augmenta-
tion of bursts was noticed. It was possible by repet-

itive utricular stimulation at frequencies of 5 to

10 times per second to facilitate this kind of unit
discharge, as manifested by a gradually increasing

LU LT

Ficure 2.—Single-unit recording from lateral vestibular
nucleus. A: subthreshold, 0.7 dyne: B: threshold, 1.2
dynes; C: suprathreshold, 1.4 dynes; D: 1.7 dynes utri-
cular stimulation. Time scale in 10-ms intervals.



L

=

OTOLITHIC INFLUENCES ON EXTRAOCULAR AND INTRAOCULAR MUSCLES

number of impulses in response to each stimulus.
Higher frequencies of stimulation, however, caused
a considerable reduction in the number of impulses
of each burst. Therefore, in studying firing patterns
it was necessary to evoke successive stimuli at such
a rate as to avoid an undue influence of a preceding
stimulus upon the pattern elicited by the next stim-
ulus. A repetition rate of 20 to 30 air puffs per
minute insured stable responses.

The other two types of responses exhibited a
relatively pronounced inhibitory component. The
spontaneous firing of type C of figure 1 showed an
initial short burst of impulses immediately followed
by a complete inhibition lasting for several hundred
milliseconds or sometimes for seconds. By increas-
ing the intensity of the air puff well above threshold
value, the initial burst could be eliminated, demon-
strating that the stimulus apparently sets in motion
a chain of excitatory and inhibitory events; it is
the final resultant of these activities that determines
the drive upon the neuron. The outcome of this
rivalry between two opposing influences, and thus
the discharge pattern during an ongoing change in
stimulus intensity, is related in some manner to the
time derivatives of the stimulus, as well as to its
magnitude. The fourth type displayed pure inhibi-
tion of varying lengths when threshold stimulation
was applied, thus demonstrating that the stimulus
may inhibit central neurons in the afferent path-
way, perhaps by an inhibitory event preceding the
onset of any possible excitation (fig. 1D). During
the course of isolating single units within the ves-
tibular nuclei and studying their response patterns
elicited by this kind of utricular stimulation, it was
always possible to classify them according to these
four types of firing patterns. Thus, utricular cells
located within the lateral vestibular nucleus, by
their varying response patterns to mechanical stim-
ulation of a wide receptive field, offer a running
spatial integral of the activity of several first-order
neurons that must converge upon them across the
synaptic gap.

Adaptation of Utricular Receptors

In order to study adaptation, i.e., the gradual
decline in frequency of discharge during applica-
tion of a stimulus of constant intensity, units show-

ing response patterns of type A or type B to single
air-puff stimulation were isolated. When this cri-

IMPULSES PER SECOND

IMPULSES PER SECOND
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terion was met, the stimulation was turned off, and
the presence or absence of spontaneous firing was
recorded on moving film. After this level was es-
tablished, an air jet with a constant force of 1 dyne
was suddenly directed against the utricle. Figure
3A shows the varying patterns of firing obtained
under these circumstances when units belonging to
type A were isolated by the microelectrode. The
different curves represent the adaptation pattern
of individual units, but when many receptors are
involved, as in the present case of utricular stim-
ulation, the total amount of adaptation will be
proportional to the number of receptors involved.
The left-hand side of the curves illustrates the wide
differences in spontaneous firing rate among units.
The moment stimulation was applied, the frequency
of firing showed a sharp rise, followed immedi-
ately by decline. Different shapes of the curves

TIME IN SECONDS
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Ficure 3.—Adaptation patterns of individual utricular units
with (A) or without (B) spontaneous firing and isolated
within the lateral vestibular nucleus. Between arrows, a
steady-state flow of air with a force of 1 dyne was directed
against exposed utricle.
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depicting this decline show wide variations of
adaptation of different units; these variances oc-
curred from a complete cessation of firing within
3 or 4 seconds to a gradual drop to the spontaneous
level of firing. When the firing of a unit had reached
a steady-state level during continuous stimulation,
the stimulus was turned off. At this point some of
the units immediately started to return to the spon-
taneous firing level while others remained in the
adapted state for several seconds before beginning
normal activity.

Figure 3B demonstrates the effect of continuous
stimulation on units belonging to type B; i.e., units
that did not show any spontaneous activity but
responded to air-puff stimulation with an increased
firing. These units showed varying degrees of adap-
tation after the initial response at the onset of
stimulation. One unit, represented by the upper
curve, displayed only a very slight decline in firing
rate in spite of continuous stimulation for almost
a minute, while the other two depicted units ex-
hibited a very rapid and almost complete adaptation.

Figure 4 illustrates the effect of continuous stim-
ulation upon units belonging to types C and D.
Since they contained strong inhibitory components,
they could not be used for studying adaptation, but
were included for the sake of completeness.

Utricular Nystagmus

In the next series of experiments (ref. 3) the
intact heads of the animals were securely fixed in
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Ficure 4.—Adaptation patterns of individual utricular units
with a pronounced inhibitory component as first dis-
played by single-air-puff stimulation. Between arrows, a
steady-state flow of air with a force of 1 dyne was directed
against exposed utricle.
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a rigid holder, and electrodes, placed on the crown
at the midline of the skull and either inside the skin
at the outer canthus of each eye or medially and
laterally of the left eye, were connected to an ac-
coupled amplifier (time constant 0.15 Hz/s) feeding
a multibeam cathode-ray tube.

Figure 5 demonstrates the effect of continuous
utricular stimulation upon eye movements recorded
from a squirrel monkey. At the onset of a steady-
state flow of air directed against the left utricle
and with a pressure of 1 dyne (marked by the
downward arrow), there was a sudden upward, ver-
tical (or oblique) deflection of the eye, which was
immediately followed by rotatory or horizontal nys-
tagmus with the fast phase to the left (A).
During this initial period, the nystagmus at times
was wildly irregular, but settled rapidly into the
fundamental or primary type. In spite of uninter-
rupted stimulation, the eye movements became less
and less pronounced until they eventually disap-
peared; only a wider base line showed an increased
tonus in the extraocular muscles (B and C). Failure
to detect rhythmical potential changes at this stage
was probably due to their true absence because of
adaptation of the gravireceptors (ref. 2) or to their
complete randomization which might be equivalent
to continuous functional activity. Following the
cessation of stimulation (marked by the upward
arrow) there may have been a weak secondary nys-
tagmus in the opposite direction.

Figure 6 further illustrates the kinds of nystag-
mus that can be obtained by selective utricular
stimulation in three different monkeys. All showed

L AAARAMAAAA

W‘/-WMWW

L

.t : i L

C IZOU w
4

e salaifeeaions Leoiuasiiiu IR e

Ficure 5.—Continuous record of nystagmus evoked by utri-
cular stimulation in chloralosed monkey. Onset marked
by downward arrow and cessation by upward arrow. Time
scale intervals are 0.1 s.
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Ficure 6.—Nystagmus evoked by selective utricular stimu-
lation in chloralosed monkeys (see text). Onset marked
by downward arrow and cessation by upward arrow. Note
secondary nystagmus in D and F. Time-scale intervals are
Is.

the upward, vertical (or oblique) deflection at the
onset of stimulation (A, C, and E). The direction
of the nystagmus, however, varied in an unpre-
dictable way; in monkeys Nos. 5 and 6 the fast
phase of a horizontal nystagmus was to the right,
but in monkey No. 9 it was to the left. Thus, the
general rule that each labyrinth endeavors to elicit
a nystagmus in its own direction was only partially
supported. The nystagmus was always of the asso-
ciated type; i.e., both eyeballs showed identical
movements. At the cessation of stimulation the
evoked nystagmus either stopped (B) or showed a
reversal in direction (D and F). This secondary
nystagmus was of brief duration but sometimes
very pronounced. In trying to describe the nystag-
mus elicited by this form of utricular stimulation,
it can be stated that the amplitude of the excursions
was of medium size; i.e., between 1 and 2 mm. The
nystagmus was quite transitory, but of a high fre-

quency that varied between 120 and 180 beat per
minute. It was not possible to establish a reliable
rule for the direction of the nystagmus.

In monkey No. 9 it was noted, by visual observa-
tion, that the pupils of the eyes constricted in syn-
chrony with the air-puff stimuli. When an air stream
of long duration was applied, the pupils showed a
rhythmical pattern of constrictions and dilatations
after the primary nystagmus had ceased and when
the eyes remained in a fixed, deviated position.

Pupil Size Changes during Eye Movements

It is well known that the eye possesses a dual
motor innervation, and thus eflects induced by
vestibular stimulation upon ocular reflexes are al-
ways mixed because of impulses being conducted
both through somatic and autonomic pathways (ref.
1). However, our understanding of the manner in
which somatic sensory and motor neurons in the
central nervous system are adjusted to the load that
the peripheral vestibular processes supply has been
extended and clarified to a much greater degree
than has been the case with the autonomic system.

Obviously, vestibular afferents must be linked to
the intraocular muscles via one or both sets of
autonomic fibers derived from the superior cervical
or ciliary ganglia. Since strong responses to
vestibular stimulation have been recorded from the
cervical trunk of the sympathetic nerve (ref. 4) and
because of the proximity of the superior cervical
ganglion to the bulla, which has to be exposed in
order to reach the vestibule enclosing the labyrin-
thine receptor structures, the autonomic outflow
selected for recording was initially obtained from
postganglionic sympathetic fibers. For some years,
however, reflex regulation of pupillary size has been
attributed more and more to fluctuations in the dis-
charge through the ciliary ganglion, and the func-
tional role of the sympathetic innervation has been
progressively minimized. Thus, the dilatation and
constriction may not be due to increased or de-
creased sympathetic firing, but to alteration in
parasympathetic activity. This latter concept is
supported by the present findings. In spite of being
able to record a stream of sympathetic impulses
during prolonged blowing directed at the utricle,
the pupillary dilatations observed are still present
after bilateral severing of the sympathetic fibers
to the eyes.
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During the nystagmic period the pupils showed
a sustained dilatation with superimposed rapid
minor dilatations and constrictions of apparently
random frequency during the primary nystagmus.
At the end of stimulation with the occurrence of a
secondary nystagmus, however, these pupil size
fluctuations appeared in phase with the nystag-
mic beats, with the most common pupillary activity
being dilatation during the fast phase and constric-
tion during the slow phase. As the secondary nystag-
mus gradually diminished, the pupils concomitantly
constricted to control size and ceased to fluctuate.
It was possible to exclude that the changes in pupil-

lary size were due to humoral effects or variations .

in light intensities affecting the retina during eye
movements.

From the experiments described thus far it is not
possible to conclude that the efferent limb for the
mediation of pupillary dilatation consists of sym-
pathetic fibers; they only offer insight into the kind
and magnitude of sympathetic firing evoked in re-
sponse to utricular stimulation. The rhythmical
reflex dilatations of the pupils clearly observed
during stimulation may not be due to excitation of
the sympathetic system, but to inhibition of the
parasympathetic one. In order to determine which
of these systems is primarily responsible for these
pupillary fluctuations, several approaches were
utilized. In acute cats, unilateral destruction of
sympathetic fibers to the head by extirpation of the
superior cervical ganglion and crushing of any
fibers running along the common carotid artery or
bilateral severing of the neck sympathetic trunks
left the conjugate pupillary responses to vestibular
stimulation unaltered. Superior cervical gan-
glionectomy of chronic preparation in a cat resulted
in anisocoria, with the smaller pupil ipsilateral to
the destroyed sympathetic trunk, but both dilatation
and constriction could still be evoked by air puffs
directed at the utricle. Obviously, anatomical integ-
rity. of the cervical sympathetic trunk is not a pre-
requisite for the occurrence of such intraocular
responses. The role of the sympathetic nervous
supply is merely to provide a general tonic back-
ground; the parasympathetic is the autonomic por-
tion chiefly responsible for the effects described.
Particularly in the cat, reflex pupillary dilatation
appears to be accomplished by pure inhibition of
oculomotor tone.

As a corollary to this finding, a recording elec-
trode was placed within the oculomotor complex of
cats while the utricle was stimulated with single
pufls, and it was noticed that the activity thus ob-
tained showed firing in synchrony with pupillary
contraction and cessation of activity coinciding
with the period of dilatation. The same firing pat-
tern was obtained by recording from postganglionic,
parasympathetic fibers from the ciliary ganglion.
Acute or chronic section of the oculomotor nerve
intracranially always resulted in a paralytic my-
driasis, regardless of whether or not the sympathetic
nerve supply to the eye was intact. In these instances
no pupil size changes were seen in the denervated
eye despite changes that could be elicited in the
other eye by vestibular stimulation.

CONCLUSION

It may be concluded that, under the conditions
of our experiments, dilatation of the pupils during
nystagmus evoked by utricular stimulation is not
due to excitation of the sympathetic system, but
to inhibition of the parasympathetic system.

A great number of experimental studies have
shown that pupillodilatation in cats is due to an
inhibition of oculomotor nerve firing and that this
reflex response is still obtainable after sectioning
of the cervical sympathetic trunk. However, as
described by Weinstein and Bender (ref. 5), there
may be a difference between cats and primates,
pupillodilatation in the monkey being mediated
chiefly by activity in the cervical sympathetic trunk,
not by parasympathetic inhibition.

Two principal links are available in the chain
for connecting the vestibular organ with the paired
ventromedial nucleus of Edinger-Westphal, the
autonomic part of the third nerve. One is the sec-
ondary vestibular neurons ascending from the
vestibular nuclei in the medial longitudinal fascic-
ulus to the oculomotor nuclei; the other is more
complex and includes multisynaptic connections of
the reticular formation, the significance of which
was first recognized and justly evaluated by Lorente

de Né (ref. 6).
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On Visual-Vestibular Interaction

Laurence R. Younc
Massachusetts Institute of Technology

SUMMARY

Experimental evidence is presented regarding visual-vestibular interaction, and the results of

three studies on the subject are briefly noted. An attempt to put together some of these observa-

tions with elementary notions of a visual-vestibular interaction program is shown in the form of a

flow-chart representation of a possible model. This is a nonlinear model in which visual and vestibular

influences are linearly weighted when they are in relative agreement but switch to the more

“believable” one when they are in disagreement. A solution to the human space-orientation problem

is depicted by a schema for optimal subjective orientation based on several sensory modalities,

SOME EXPERIMENTAL RESULTS ON
VISUAL AND VESTIBULAR STIMULATION

We know that at least two major inputs may
result in nystagmus or sensation of rotation; i.e.,
vestibular stimulation and visual presentation of a
moving field. How do these two inputs interact
when they are in agreement or when they are in
conflict, and how do they relate to the parameters
of the stimuli and the dynamics of the sensors?
Consider first some experimental data collected by
Guedry, Collins, and Sheffey (ref. 1). Human sub-
jects were accelerated to a constant angular veloc-
ity about the vertical axis in a darkened room
and then abruptly stopped, following the typical
program for an acceleration impulse. The expected
results show a sudden increase in subjective sensa-
tion of rotation (and angular velocity of nystag-
mus) to a maximum proportional to the prestopping
velocity, and then a slow decay back toward zero,
as shown in figure 1. The nystagmus and subjec-
tive sensation decays follow our adaptation model
(ref. 2). Note especially the more rapid decay of
the subjective sensation than of the nystagmus.
The two arrows mark the beginning and end of the
deceleration. It is well known that if the eyes are
opened to see an arbitrary single fixation point
during this period, nystagmus will stop, but nystag-
mus and subjective sensation will be restored upon
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Ficure 1.—Effect of room illumination on postrotation nys-
tagmus and subjective sensation (average slow-phase eye
velocity and average subjective velocity as a function of
time within a trial). After the interval of illumination,
the nystagmus shows recovery but the subjective reaction
does not. Arrows indicate periods of vestibular stimulation ;
horizontal bar denotes interval of illumination. (from

ref. 1)
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closing of the eyes. However, Guedry et al. turned
on the lights in the centrifuge room to show the
subject the entire rich visual environment, which
was easily associated with the fixed laboratory set-
ting, during the period of 5 s indicated by the solid
bar in figure 1b. During the time the lights were
turned off again, the nystagmus rose in a period
of approximately 1 s to match the normal vestibu-
lar decay curve that would have been present had
the lights never been turned on. The subjective
sensation, on the other hand, never did return fol-
lowing the exposure to the lighted room. The inter-
pretation of these data must be that during the
period of exposure to a “compelling visual environ-
ment,” the visual input dominated the vestibular
input and eliminated all nystagmus as well as sub-
jective sensation of rotation. Once this stimulus
was gone, however, the vestibular-ocular pathway
continued to generate nystagmus, whereas the
higher-level subjective sensation system used the
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remembered information for its set and successfully
ignored the continuing vestibular signals.

A related but more complex experimental situa-
tion was explored by Melvill Jones (ref. 3). Sub-
jects were accelerated to a constant velocity of
60°/s about the vertical axis. The velocity was
maintained for 3 minutes before suddenly decelerat-
ing to a stop. The subject’s head was tilted so that
the stimulation was not in the plane of the horizon-
tal canals but rather was in the yaw and roll axes
in the one case and the yaw and pitch axes in
another. The rotating platform was surrounded by
a fixed screen containing vertical stripes. During
the initial acceleration and the first several seconds
of the constant velocity, plateau optokinetic and
vestibular influences were compatible and resulted
in yaw (horizontal) eye movements, which were
slightly greater than necessary to achieve retinal
stabilization and considerably higher than would
be the result of vestibular stimulation. As shown
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Ficure 2.—Compensatory slow-phase eye angular velocities of three subjects on rotation about a
vertical axis with head tilted 45° backward. Responses recorded simultaneously in yaw (e) and
roll (X ) planes of the skull. The continuous line gives the required eye angular velocity in both
planes for stabilization of the retinal image. (from ref. 3)
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by the dots in figure 2, the yaw compensatory eye
movements remained at the required level of 60°/s
throughout the prolonged constant-velocity period,
clearly showing that the optokinetic stimulus had
taken over from the vestibular stimulus. On the
other hand, as shown by the crosses in figure 2,
the torsional or roll eye movements, which were
never sufficient to be fully compensatory, died out
over a period of 10 to 15 s, just as the vestibular
stimulation alone would predict, and the optokinet-
ic influence on the roll eye movements was mini-
mal. At the end of the 180-s stimulus, following
deceleration the eye movements showed almost no
undershoot—again consistent with the optokinetic
stimulation. The vestibular stimulation associated
with this sudden impulsive stop would be a large
undcrshoot of eye movements down to —40°/s to
—50°/s and back to zero. This kind of response
was shown at lesser magnitude by the roll eye
movements, however. Thus, apparently the yaw
eye movements associated principally with stimula-
tion of the horizontal semicircular canals were
heavily influenced by the optokinetic stimulus,
whereas the torsional eye movements were in-
fluenced much less so. When this test was repeated
with the subject’s head tilted sideways at 45°, so
that the stimulus was in the yaw and pitch planes,
the results were similar to those for yaw discussed
above. The compensatory slow-phase angular ve-
locities for both pitch and roll slightly exceeded
those for optokinetic stabilization in the early
stages, in which vestibular and visual processes
were consistent. In this case, however, the eye-
movement velocities for both pitch and yaw (verti-
cal and horizontal nystagmus) decreased slightly
fron those necessary to maintain fixation following
15 s of constant angular velocity. Although the
eye velocity never completely returned to zero, it
remained at much lower levels throughout the 3-
minute period than had been observed in the yaw
eye movements for the yaw-roll stimulation. Thus
we see that, for yaw and pitch stimulus, the result-
ing nystagmus can be a compromise between the
eye movements required for optokinetic nystagmus
by the visual stimulus and for vestibular nystagmus.

The final bit of experimental evidence to be in-
troduced on visual-vestibular interaction concerns
the effect of static visual-field orientation on percep-
tion of the vertical. The perception of the apparent

vertical (AV), which depends principally on the
visual system and the gravireceptors (primarily
otoliths), is generally considered to be a result of
interpretation of the interaction between visual and
vestibular stimuli rather than one or the other. Ever
since the tilted-room experiments, there have been
efforts to assess the relative influences of visual and
vestibular cues. In a recent paper by Udo de Haes
(ref. 4) the effect of a tilted visual reference on
the perception of the apparent vertical was investi-
gated as a function of the degree of body tilt. He
used two visual-field orientations, tilted at angles
of =15° with respect to the true vertical, and
recorded the difference between settings of the ap-
parent vertical as a function of body position. This
visual-field effect is shown in figure 3. Notice that
the visual-field effect, which is the diffcrence be-
tween apparent vertical settings for the two visual-
field orientations, is less than 5° for the body
upright (0°) but rises rapidly to greater than 20°
when the subject is lying on his side at 90° and
increases further until the subject nearly reaches
the inverted position. These data are consistent
with the theories of decreased statolith influences
on perception and nystagmus in the inverted posi-
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Ficure 3.—Interaction between visual system and gravi-
receptors in perception of apparent vertical. (from ref. 4)
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tion. They also show the changing nature of visual-
vestibular interaction in perception of orientation
as a function of the compelling nature of the
visual, or in this case the vestibular, stimulus. The
inverted position, which leads to greater uncer-
tainty in interpretation of statolith outputs, reduces
their effect and increases the relative influence of
visual stimuli.

FLOW-CHART MODEL OF VISUAL-
VESTIBULAR INTERACTION

Figure 4 is a flow-chart representation of a pos-
sible model of a visual-vestibular interaction pro-
gram. It is a nonlinear model in which visual and
vestibular influences are linearly weighted when
they are in relative agreement, but it switches to
the more “believable” one when they are in dis-
agreement. The two inputs are angular velocity
stimuli to the vestibular system (w,) and to the
visual system (w.). The vestibular response (c/z}v)

is based on the well-known dynamics of the semi-
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Ficure 4.—Flow-chart representation of visual-vestibular
interaction model.

circular canals, including adaptation, and the visual
response (é\)e) depends upon dynamic response
of the visual system, which is approximately equal
to one. Notice that the Important input on the
visual side is the actual angular velocity of the
head with respect to the visual field and not the
retinal slippage. (Even when the eyes do not move,
the effort to maintain fixation may result in a per-
ception of visual-field motion.) These two (visual
and vestibular) angular velocities are compared,
and if their difference is less than an allowable
threshold €, then the single subjective angular
velocity or nystagmus velocity s is calculated as
a weighted sum of these two, with the weighting
coefficients @ and b not yet determined. On the
other hand, if the two are not compatible, then a
hierarchical choice program begins in which nor-
mally the visual field is given higher priority. If
the visual sensation is “compelling,” then it is
accepted as “true,” and determines the subjective
and nystagmus velocity. By “compelling visual
stimulus” we refer to either a well-recognized com-
mon scene as in the Guedry experiments, or to a
highly learned artificial situation as in the case of
pilots observing their flight instruments. This can
be stated mathematically in terms of the expected
variance of this signal exceeding any threshold
level o. If it does exceed the threshold level, then
one examines the vestibular angular velocity to see
if it is compelling. Vestibular angular velocities
would be compelling if, for example, one is a well-
known rotation stimulus and if the outputs of the
statoliths and the semicircular canals are com-
patible, as discussed earlier. If this is the case
{variance of vestibular stimulus less than an ac-
ceptable level (), then the vestibular signal is
accepted as the subjective angular velocity. If it
is not the case, and there is consequently conflict
between visual and vestibular stimuli, neither of
which is sufficiently compelling, then one predicts
the occurrence of disorientation, vertigo, and pos-
sible motion sickness. The angular velocity that is
sensed may be uncertain; it may switch rapidly
back and forth between several different possibili-
ties. This situation, which is disturbing at first, may
be the necessary input for habituation, either to a

bizarre stimulation situation or to repeated stimulus.
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SCHEMA FOR OPTIMAL SUBJECTIVE
ORIENTATION BASED ON SEVERAL
SENSORY MODALITIES

In this section we consider a possible schema
for representing the human dynamic space-orienta-
tion problem as an optimal mixing problem. As
seen in figure 5, the object of the system is to
produce an estimated state (x), which is in some
sense an optimal estimate. The state vector may be
considered to be a 12-dimensional vector, with
elements consisting of the three Euler angles defin-
ing head orientation with respect to an inertial
reference, their rates of change, three components
of linear translation, and their first derivatives.

“EXPECTED STATE™

ON VISUAL-VESTIBULAR INTERACTION

209

The estimated state is based upon an optimal esti-
mator in which the cost function to be minimized
is some function of the state. Whereas a simple
weighted sum-of-squares cost function would lead
to' an analytically tractable problem, it is more
likely that an appropriate cost function places
greater emphasis on certain state variables in cer-
tain regions than others. For example, orientation
with respect 1o the vertical may be of considerably
greater interest than heading, when concerned with
postural control. The optimum estimator has two
types of inputs: (1) those coming from the various
sensors and (2) the “expected state.” Consider
first the sensors that are stimulated by the “true
state” or actual motion of the subject. Each of the

“MEASURED STATE"
CANALS — ‘
We
"
To
q OTOLITHS OPTIMUM :VT(')rgELNgt . ~ R
- ESTIMATE OF | ~EQTIMATED STATE” BODY [ATX X X'
ORIENTATION INTEGRATORS
n VECTOR DYNAMICS
e 2 LA
y TACTILE
~ A
Sy 8. 8y
|
A
Jp
[ PROPRIOCEPTION
INTERNAL
ESTIMATE OR A MODEL OF 0
KNOWLEDGE u CONTROL [81Y
OF APPLIED MATRIX
CONTROL LB I,
“TRUE STATE"
r—”———_'—_—____l
] %
X e

I
|
__________ —

|o

L ACTUAL POSTURE CONTROL

Ficure 5.—Human subjective orientation represented as an optimal mixing problem.
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sensors measures one or more of the state variables
with characteristic uncertainty and dynamic per-
formance. For example, the semicircular canals
measure the angular velocity of the subject with
respect to inertial space (c/z\)c), and their dynamic
response may be described by the adaptation model.
Estimates for noise in this system are difficult to
obtain explicitly but may be modeled, for example,
by white Gaussian noise with standard deviation
equal to the threshold for the oculogyral illusion.
Similarly, the otoliths measure specific force; tactile
sensation also measures specific force; and the
visual channel measures angular velocity, direction
of net specific force, and angular orientation.

The outputs of all these sensors may be combined
to make an optimum estimate of the true state. This
process is analogous to the aerospace optimization
problem in which information on altitude obtained
from a pressure altimeter, a radar altimeter, and
an inertial system must be combined in an optimal
way, knowing the noise and dynamic lag asso-
ciated with each channel, to give the best estimate
of current altitude. Although the descriptions of
the channel dynamic lags and noises clearly are
not completely available, reasonable estimates may
be made.

It is equally important in this schema to con-
sider the expected state, which is the major new
contribution of this type of model. If one assumes
that many of the motions of the body are not
arbitrary unexpected motions (like aircraft motion
in clear-air turbulence), but rather are the result
of deliberate actions on the part of the subject, then
the expected head motions may be used to improve
the estimate of orientation. Thus, in simple postural
control when a subject jumps up, actively moves his
head, or begins to runm, the vestibular responses
that result are nearly always in accordance with
the expected head position. One can consider this
an extension of the von Holst “efferent copy”
notion, in which copies of the motor commands
are used to interpret sensory feedback. One can
also extend this expected-state notion to the case
where the relation between expected head move-
ment and the motor command involves some ex-
ternal machinery with its own dynamics. Examples

include the expected angular velocity and lateral
acceleration of an automobile when the driver turns
the steering wheel or applies the brakes. In this
case the reactions of the driver and the passively
moved passenger (who was unaware of such ac-
tions) differ markedly, whereas the driver and
passenger may react identically when the car
unexpectedly hits a patch of ice. Consider the triv-
ial example of operating an automatic elevator in
which the orientation response when the elevator
descends after the passenger has pressed the “up”
button is startling. In general, the process can be
considered as illustrated in figure 5, in which the
subject maintains an internal model of his body
dynamics (which enables him to solve the equations
transforming body rates to body angles and dis-
placements) and also an internal model of the con-
trol matrix [B];, including any external machinery.
His estimate of the control & (which really may
be muscular force) applied to his estimate of the
internal control model [B];, results in a control vec-
tor [B]i, which is combined with the vector [A]Q
to yield the estimated vector 2. Any errors in either
knowledge of the control matrix or knowledge of
the applied control will obviously lead to errors in
estimation and produce false illusions regarding
orientation.

For limited situations, this schema can be exam-
ined to determine the extent to which this optimal
mixing notion and the use of the expected state
apply to the human space-orientation problem.

REFERENCES

1. Guepry, F. E.; Corruins, W. E.; anp SuEFrFEY, L.: Per-
ceptual and Oculomotor Reactions to Interacting Visual
and Vestibular Stimulation. Percept. Motor Skills, vol.
12, 1961, pp. 307-324.

2. Youne, L. R.; axp Oman, C.: Model for Vestibular
Adaptation to Horizontal Rotation. Aerospace Med.,
vol. 40, 1969, pp. 1076-1080.

3. MeLviLL Jongs, G.: Interactions Between Optokinetic and
Vestibulo-ocular Responses During Head Rotation in
Various Planes. Aerospace Med., vol. 37, 1966, pp.
172-177.

4, Upo pe Hars, H. A.: Interaction Between Visual and
Gravireceptor Stimulation with Respect to the Apparent
Vertical. Max Planck Institut fur Verhaltensphysiologie,
Seeweissen, Germany, 1970.



4\

\ e

3
U \A

SISO

S /0

Subjective and N ystagmus Reactions Considered in Relation
to Models of Vestibular Function®

F. E. Guepry, Jr., R. D. GiLsoN, and C. W. STOCKWELL
Naval Aerospace Medical Research Laboratory

SUMMARY

Modeling will become increasingly important as more knowledge is accumulated, because it
offers advantages in predicting reactions of individuals in a variety of situations, including novel
aerospace environments, and in specifying a few parameters which should have considerable clinical
significance. However, the need for continuing experimental “crosschecks” of these models has been
illustrated by several sets of results which would not have been predicted by any existing models.

INTRODUCTION

In recent years there have been several attempts
to develop models of the orientation system that
include visual, vestibular, and proprioceptor mech-
anisms and their functional interactions (refs. 1
to 4). These models are a little disturbing to some
of us because they not only predict almost every-
thing we have been trying to understand, but they
do it in a foreign language, one written by de
Laplace. However, it is not our purpose to criticize
these models or their linguistics but rather to point
out some of their advantages, while also illustrating
the need for a continuing evaluation of their ade-

quacy.
TORSION PENDULUM MODEL

First consider a relatively simple model that most
vestibular workers have been using in one way or
another for years, a model of the cupula-endolymph
system proposed long ago and developed more re-
cently by Van Egmond, Groen, and Jongkees (ref.
5). This model is based on the assumption that the
semicircular canal system responds as does a heavily
damped torsion pendulum to inertial torques pro-

* This research was sponsored jointly by the U. S. Army
Aeromedical Research Laboratory and the Naval Aerospace
Medical Research Laboratory and supported in part by the
Office of Advanced Research and Technology, National Aero-
nautics and Space Administration,

duced by angular accelerations of the head. Accord-
ing to the model, the behavior of the cupula is
predictable from a second-order linear differential
equation when values for the parameters of the
equation have been determined.

Illustrative of some applications of this model
are results of a few recent experiments. Several
years ago we concluded that measurements of turn-
ing sensations associated with angular accelerations
are an important aspect of the vestibular evalua-
tion of flight personnel. This conclusion was based
on several considerations, including a report by
Benson (ref. 6) indicating that directional asym-
metries in vestibular turning sensations were present
more frequently in pilots whose presenting symptom
was vertigo than in other personnel, whereas nystag-
mus asymmetries did not appear to have the same
relevance. Therefore, we attempted to find measures
of vestibular turning sensations that would be suit-
able for application in aviation medicine. We have
selected triangular waveforms of angular velocity
because such stimuli can be presented quickly and
they approximate the type of stimulus received by
the canals during natural head movements. We
reasoned that commonly experienced stimuli would
be more easily and reliably reported than some of
the unnatural stimuli commonly used to assess
vestibular sensation.

Theoretical cupula deflection during triangular

211



212 THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

waveforms of different durations is illustrated in
the upper part of figure 1. The dotted lines represent
stimulus velocity (w), and the curves limiting the
hatched area represent cupula displacement (x) as
predicted from the torsion pendulum model, equa-
tion 1 (shown in fig. 1).

It is generally believed that cupula deflection
regulates velocity information; consequently the
cupula deflection curve should resemble the sub-
jective angular velocity curve. However, a gain
factor K, with units, is needed to transform cupula
displacement to subjective angular velocity units,
equation 2 (fig. 1). This is illustrated in the lower
part of figure 1, where K was chosen to make peak
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subjective velocities and peak stimulus velocities
correspond fairly closely.

If man receives angular velocity information like
this from the semicircular canals and if he is able
to integrate this information accurately over time,
then angular displacement estimates ({ss) should
be predicted by equation 3 (fig. 1), which gives the
time-integral of the angular velocity curve.

The lower portion of figure 1 shows that short
waveforms should yield slight overestimates of an-
gular displacement, whereas long waveforms should
yield systematic underestimates. As a matter of fact,
this is what happens, as shown by the response
measurements taken from subjects who were rotated
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Ficure 1.—Theoretical responses to triangular-waveform stimuli of 3, 6, and 12 seconds’ duration.
The dotted lines represent stimulus angular velocity (w). In the upper panel, the solid line limiting
the hatched area represents cupula displacement (x) from equation 1. In the lower panel, the
solid line limiting the hatched area represents subjective angular velocity (\,Ls) from equation 2.
The hatched area in the lower panel represents subjective angular displacement (yg) and is given
by equation 3. T, is duration of acceleration, Ty is duration of decelerdtion, and t, is the time
interval from the end of acceleration to response reversal.
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so that their horizontal canals were stimulated (see
fig. 2).

From past research, we estimated II//\ to be
about 16 s for horizontal-canal responses. Accepting
this value for II/A and using K:6/A=19.9 s,
equation 3 (fig. 1) gives a good fit to the data
shown in figure 2. Similarly, responses from ver-
tical-canal stimuli were predicted. An average value
of II/A for the y-axis stimulation of the vertical
canals is about 7 s (refs. 7 to 9), and, although a
direct estimate of K.6//\ for the vertical-canal
responses was not available, we estimated its value
to be about 53 percent of that for the horizontal-
canal responses by analogy from nystagmus data
(ref. 10). Thus, Ks8/ /A for the vertical-canal re-
sponse was estimated to be 0.53X19.9 s, or 10.5 s.

Acceptance of these parametric values for hori-
zontal-canal and vertical-canal responses led to the
prediction that subjective displacement estimates
during vertical-canal and horizontal-canal stimula-
tion should be about the same for short waveforms,
but greater underestimation of vertical-canal stimuli
should occur with longer stimulus waveforms. This
prediction is illustrated in figure 3; the hatched
area is smaller for the vertical-canal (y-axis) re-
action than for the horizontal-canal reaction with
longer stimulus waveforms. Displacement estimates

400

7/
—_ 7/
wn / °
n Y
I 7
B 7/
= 300 Ve
E 7/

Ve
g ’
3 J
°
5 Y
» /
o 200 /
7/
% ,
[ 24
3 o7
P-4
< s 4
w /
£ 100 %
8 L]
2 o’ ® 10 %ect STIMULUS
? o’ 0 15 %ec STIMULUS
Ve
Vd
4
0 100 200 300 400

ANGULAR DISPLACEMENT OF CHAIR (DEGREES)

Ficure 2.—Mean angular displacement estimates from a
group of subjects who were rotated in the plane of their
horizontal semicircular canals. (from ref. 11)

obtained from a group of subjects are shown in
figure 4, where it is apparent that the theoretical
curves match the obtained z- and y-axis results very
well. Incidentally, these subjects spontaneously re-
ported that they experienced a stronger aftereffect
from the vertical-canal (y-axis) stimulation than
from horizontal-canal stimulation. According to the
model, a stronger after-reaction from the vertical-
canal stimulus is to be expected. This difference can
be seen in the predicted curves shown in figure 3
and in obtained nystagmus curves (fig. 5).

The primary purpose in presenting these results
is to illustrate the fact that, when values of two
parameters have been determined, it is possible to
predict various response characteristics to a range
of stimuli. To illustrate this point further, figure 6
shows the responses of three hypothetical subjects
with different values for vestibular parameters
I/ /A and K6/ . They should respond differently,
as shown for impulse-type stimuli (fig. 6A), sus-
tained accelerations (fig. 6B), and triangular wave-
forms (fig. 6C). It is apparent that the magnitudes
and temporal characteristics of responses should
vary considerably among three such individuals to
different stimuli. Actually, few if any experiments
have been done to test predicted differences in re-
sponses in the same subjects with a variety of
stimuli. However, differences in responses of these
magnitudes are found among apparently normal
subjects, as shown in figure 7. The responses of the
two subjects in figure 7 resemble the theoretical
responses of subjects 2 and 3 in figure 6D.

These considerations illustrate several potential
advantages of a mathematical model:

(1) Determination of the values of several para-
meters for an individual permits prediction of a
variety of response characteristics to a range of
stimuli.

(2) If the model is appropriate, its parameters
should have considerable clinical significance, since
they are single index numbers that are descriptive
of a range of reactions.

(3) The model aids in choosing and evaluating
alternative measures and test procedures. For exam-
ple, estimation of II//\ requires a tedious set of
measurements when determined from the decay of
nystagmus following an impulse, whereas it can be
estimated quickly from the point of reversal of
nystagmus (see equation 3, fig. 1).
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Ficure 3.—Theoretical responses to triangular-waveform stimuli of 3, 6, and 12 seconds’ duration.
Upper panel: horizontal-canal stimulation. Lower panel: vertical-canal stimulation.

(4) The model can be tested because it makes
specific predictions.

The last point brings us to a second topic. Be-
cause the simple model makes specific predictions,
it is immediately clear where predictions fail. Pre-
dictions of this model depart most flagrantly from
experimental observations when subjects are ex-
posed to stimuli that are either large in magnitude
or long in duration. For some time it has been
assumed that these deviations are the consequence
of a short-term adaptation process that is not ac-
counted for by the model.

A MORE COMPLEX MODEL:
ADAPTATION EFFECTS

Secondary nystagmus and secondary sensation,
the decline of primary nystagmus and sensation
reactions during prolonged constant angular ac-

celeration, and the differing slopes of nystagmus
and sensation cupulograms have been attributed to
some kind of adaptation process by a number of
investigators. Recently several authors have ex-
pressed this idea mathematically. Steer et al. (ref. 1)
accepted the basic simple model of the canals as
a damped spring system and assumed that adapta-
tion can be represented by a shifting reference level
which acts to reduce the difference between cupula-
controlled neural inflow and the existing reference
level. The mathematical expression of this idea has
several advantages. First, if their model is appro-
priate, we need only to determine two adaptation
time constants (one for nystagmus and one for
sensation) from which, together with the constants
previously described, we can predict individual
responses to a much wider range of reactions than
before. Second, the model makes explicit various
procedures by which these time constants can be
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determined. Third, the model is specific enough to
be tested.

It appears that this more complex model accounts
for most of the facts which have been considered

triangular-waveform stimulus of 12 seconds’ duration. Top:
horizontal semicirculur-canal response. Bottom: wvertical
semicircular-canal response.

as evidence of adaptation and which could not be ac-
counted for by the simpler model, although addi-
tional checks are necessary. In an experiment
currently in progress, we are attempting to find
reliable and practical ways to measure adaptation
time constants. Specifically, we are measuring the
length of time befcre the response reverses direction
(¢-) during triangular waveform stimuli of various
wavelengths. (This response measure has been illus-
trated in fig. 1.) According to the adaptation model,
t, should increase as stimulus wavelength increases
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Ficure 6.—The theoretical responses of three hypothetical individuals who possess different values

of vestibular response parameters, 11/ A and K8/A. A: impulse-type stimuli. B:

accelerations. C: triangular waveforms.

up to a certain point and then decrease, as shown in
figure 8. The model also predicts that nystagmus ¢,
should drop off gradually and should be longer
than sensation ¢ when longer stimulus waveforms
are used. Results obtained thus far seem to support
the model. However, in some deviant subjects, sen-
sation fr is neither shorter than nystagmus ¢ nor
does it drop off sooner. This may mean that we are
measuring large individual differences in short-term
adaptation, or that the model needs revising, or that
we have not hit upon a measure of the adaptation
time constant that works for all people.

The pitfalls in assessing a complex process such
as adaptation can be illustrated by considering sub-

sustained

jective displacement estimates that we obtained from
two different groups of subjects exposed to a series
of triangular waveforms (fig. 9). Group A grossly

"underestimated the larger angular displacements.

We thought at first that this result might be ex-
plained on the basis of short-term adaptation; how-
ever, in another group of subjects (group B),
displacement estimates were essentially accurate for
all stimuli presented. The vestibular stimulus con-
ditions were exactly the same for both groups, and
there was no reason to believe that subjects in one
group would have significantly different adaptation
time constants than those in the other. We now be-
lieve that a slight difference in instructions to the
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Ficure 7.—Mean angular displacement estimates () from subjects PE and KI. (from ref. 8)

two groups produced this difference in displacement
estimates (ref. 11). If so, then when man operates
in one mode, his estimates of larger displacements
differ from those made when he operates in another
mode. Subtleties such as these indicate that we need
a firm data base on which to evaluate any model,
especially when we are dealing with a complex model
that does not have a rational basis but has evolved
to explain known stimulus-response relations. With
progression from a simple end-organ model, for
which many forms of evidence may be adduced, to
the more complex adaptation model, for which we

have no real guidelines other than the stimulus-
response data on hand, we must proceed with cau-
tion.

COMPLEX MODELS INVOLVING
INTERACTIONS AMONG DIFFERENT
SYSTEMS

Still more complex models have been proposed.
These models concern interactions among the otolith,
the canal, the proprioceptor and the visual systems
(refs. 2 and 3). They represent efforts to unify func-
tional relations among these systems, taking into
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consideration transducer mechanisms of the indi-
vidual systems involved. Such models are valuable
because they produce a systematic plan for experi-
mentation, as well as an overview of how we will
eventually have to proceed to understand complex
perceptual and behavioral processes.

There is clearly a need for caution, however, in
acceptance of these models. Recent experiments on
interactions between the visual and vestibular sys-
tems can serve as a case in point. In the past few
years we have studied the influence of nystagmus
on visibility of charts and other objects fixed rela-
tive to the head. This work originally stemmed from
a request by NASA for an estimate of how long an
astronaut’s vision would be impaired by nystagmus
following rotation about the y axis. NASA consid-
ered this a potential problem in the event of an
abort in the Apollo series of spaceflights. Hixson
and Niven (ref. 12) discovered that nystagmus in
one direction degraded vision much more than
nystagmus in the opposite direction. This finding
has been confirmed by subsequent experiments, and
it was shown in addition that the tracking of flight

Ficure 9.—Mean angular displacement estimates for two
groups of subjects who were given different instructions.
(from ref. 11)
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velocity (bottom) for a group of subjects who underwent
sinusoidal oscillation. (from ref. 13) )




o

SUBJECTIVE AND NYSTAGMUS REACTIONS VS MODELS OF VESTIBULAR FUNCTION

instruments is degraded differentially by nystagmus
in these two directions (fig. 10). It appears that
there is differential visual suppression of the two
nystagmus responses (ref. 13). The point is that
these results would not have been predicted in ad-
vance by any existing model. If we had attempted
to extrapolate from our knowledge of the time con-
stants of the vertical and horizontal canals and from
some visual-acuity data obtained during horizontal
nystagmus, our predictions would have been nearly
correct for backward tumble but in error by a factor
of 10 for forward tumble, and this would have led
us to false conclusions about performance limits in
a potentially important emergency situation.
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Responses to Rotating Linear Acceleration Vectors Considered
in Relation to a Model of the Otolith Organs

AraN J. BEnsoN and Grauam R. BARNES
Royal Air Force Institute of Aviation Medicine

STUMMARY

The results are presented of experiments in which human subjects were exposed to a linear
acceleration vector that rotated in the transverse (xy) plane of the skull, without angular accelera-
tion (counterrotation). As in other experimental situations in which there was rotation of the linear
acceleration vector, the lateral eye movements showed a sinusoidal change in slow-phase velocity
and an asymmetry or bias in the same direction as vector rotation.

A model is developed that attributes the oculomotor response to otolithic mechanisms. It is
suggested that the bias component is the manifestation of torsion of the statoconial plaque relative
to the base of the utricular macula and that the sinusoidal component represents the translational
oscillation of the statoconia. The model subsumes a hypothetical neural mechanism, based on the
differential summation of inputs from complementary halves of the maculae, which allows x- and
y-axis accelerations to be resolved. Derivation of equations of motion for the statoconial plaque in
torsion and translation, which take into account forces acting in shear and normal to the macula,
yield estimates of bias and sinusoidal comrponents that are in qualitative agrecment with the diverse
experimental findings.

INTRODUCTION

Over the last 5 years it has been clearly dem-
onstrated that a linear acceleration vector that
rotates in the transverse (xy) plane of the head
evokes a horizontal or lateral nystagmus. The experi-
mental techniques that have been employed in these
studies are summarized in figure 1. Guedry (ref. 1)
was the first to study the effects of rotating human

acceleration of g sin a (where « is the angle be-
tween the rotation axis and the horizontal) in the z
body axis and a component of g cos « that rotates
in the xy plane at an angular velocity w. A com-
parable distribution of forces occurs when a sub-
ject is rotated about a vertical axis at the end of
a centrifuge arm (ref. 8), except that the magnitude
of the z-axis acceleration is 1 g and the rotating
xy component is the centripetal acceleration.

In all the experimental situations so far men-
tioned, the subject experienced an angular accelera-
tion and hence stimulation of semicircular canal
receptors during the establishment of vector rota-
tion. However, when the angular velocity of rotation
of a subject relative to the centrifuge arm is equal
and opposite to the speed of rotation of the centri-
fuge, he experiences no angular acceleration during
the initial increase in the speed of rotation of the
centrifuge, and hence the responses evoked are not

subjects about a horizontal axis. His demonstration
of a sustained perrotational nystagmus was con-
firmed by Benson and Bodin (ref. 2), Correia and
Guedry (ref. 3), and Saito et al. (ref. 4). Com-
parable responses were also observed in the cat
(ref. 5) and in the rabbit (ref. 6). More recently,
Stockwell et al (ref. 7) (marked as Guedry (1970)
in fig. 1) rotated subjects about a longitudinal (z)
body axis that was inclined to the vertical in order
to examine the oculomotor response to a rotating

linear acceleration vector with a magnitude in the
xy plane of less than 1 g. During rotation about an
inclined axis the subject is exposed to a constant

contaminated by prior canal stimulations. This
particular condition, termed counterrotation by
Graybiel and Johnson (ref. 9), has not been exten-
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Ficure 1.—Types of rotation employed to study in man the lateral eye movements evoked by rota-
tation of the linear acceleration vector in the xy plane of the head.

sively studied. Niven et al. (ref. 10) produced an
identical force environment, though by a different
technique, and presented qualitative evidence for the
evocation of a direction-changing nystagmus in man
during vector rotation. A similar nystagmus was
observed by Correia and Money (ref. 5) and by
Benson et al. (ref. 11) in the cat. Because the
nystagmus evoked by rotation about a horizontal
axis at speeds of less than 10 rpm was usually unidi-
rectional (refs. 1 to 3), it was considered that a more
detailed investigation of the oculomotor response
to counterrotation was required, if the results ob-
tained in the different experimental conditions were
to be quantitatively compared.

LATERAL EYE MOVEMENTS DURING
COUNTERROTATION

Apparatus

A small centrifuge driven by a hydraulic motor
(peak torque 340 N-m) was used to produce the
rotating force environment (figs. 2 and 3). The
seat that carried the subject was mounted on a

i

Stationary
shaft

Counter-
weights

Hydraulic motor

Ficure 2.—Isometric view of small centrifuge with counter-
rotating seat.

vertical shaft, 1.5 m from the axis of rotation of
the centrifuge. Counterrotation of the seat relative
to the centrifuge arm was achieved by means of a
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toothed rubber belt, which coupled the shaft carry-

ing the seat to a fixed pulley at the axis of rotation

135" of the centrifuge. Application of maximum torque

allowed a speed of 101°/s, equivalent to a centrip-

etal acceleration at the seat axis of 0.44 m/s?

(0.45 g), to be obtained in about 4 s. The speed

of rotation was regulated by a pressure-compensated

orifice to an accuracy of #=1°/s in the steady state.

= The subject was held in the seat by a conventional

vetsciny four-strap harness and foot straps; the head was

© immobilized by a clamp fitted with adjustable side
plates and a brow strap.

270"

Force

vector Lateral eye movements were recorded by the

/\ conventional electro-oculographic technique. During
e’ rotation the eyes were closed and the head was
@ covered by a small hood. Calibration eye movements
o were recorded before and after each rotational

stimulus.
Ficure 3.—Plan view illustrating the absence of angular
motion of the subject during rotation of the centrifuge Resulis
arm. Note that the d’Alembert force vector rotates about
the subject in the same direction and at the same angular
velocity as the centrifuge arm. The filled and open arrows

The lateral eye movement obtained when a sub-
ject was counterrotated at 101°/s (centripetal ac-

indicate the convention employed for the description of celeration, 0.45 g) is shown in figure 4. Nystagmic
the angular position of the force vector. eye movements occurred within less than 1 s of the
EYE
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Ficure 4.—Typical ultraviolet galvanometer record of the lateral eye movements produced by
centrifuge rotation at 101°/s (radial acceleration = 045 g) to the right (clockwise when
viewed in plan). The traces (from top down) are: lateral eye position, linear acceleration in
the anteroposterior (x) axis, and angular velocity of the centrifuge. The datum position of the
force vector is indicated by the inset head (lower left) and the eye movement and acclelero-
meter calibrations by the vertical bars (lower right).
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dashed line. The upper and lower halves of the figure show respanses obtained during rotation
to the right and to the left, respectively.



RESPONSES TO ROTATING LINEAR ACCELERATION VECTORS 225

beginning of rotation and increased in amplitude
and slow-phase velocity as the speed of rotation
increased. These eye movements were caused purely
by the changing force environment and not by
angular acceleration stimuli to the semicircular
canals. Once the speed of centrifuge rotation stabi-
lized, a cyclical direction-changing nystagmus was
observed, which was similar in form to that reported
by Niven et al. (ref. 10) for a rotating-vector stim-
ulus. This response was maintained over the 60-s
period for which rotation was continued, and it
decayed rapidly once the centrifuge was brought
to rest.

In eight subjects who each experienced counter-
rotation at 101°/s to the right and to the left, the
velocity of the slow-phase eye movements was mea-
sured at fixed intervals during the rotational cycle.
Mean curves obtained from these data are presented
in figure 5. They show clearly the sinusoidal form
of the eye-velocity waveform and the lack of a sig-
nificant poststimulus response. It is also noteworthy
that the peak eye velocity, which occurred about 5 s
after the beginning of centrifuge rotation, was more
or less coincident with the record from the x-axis
linear accelerometer. Thus, during rotation of the
centrifuge to the right (i.e., in a clockwise direction
when viewed in plan) the peak eye velocity to the
right occurred when the subject passed through the
0° position (see fig. 3 for nomenclature of vector
positions) and was being translated from right to
left. Similarly, when the centrifuge rotated in the
opposite direction, peak eye velocity to the left
occurred when motion of the subject was left to
right. From these observations it may be argued
that the lateral eye movements produced by the
rotating vector are compensatory for translational
motion in the transverse (y) axis.

During subsequent revolutions of the centrifuge
the peak eye velocity (if regarded as compensatory)
was phase advanced upon the peak linear velocity
in the y axis. The phase relationship between the
stimulus and the response is better shown in figure
6, where eye velocity, averaged over eight revolu-
tions in the steady state, is plotted against vector
position. During centrifuge rotation to the right,
peak eye velocity to the right occurred about 50°
after the force vector passed through the 0° posi-
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Ficure 6.—Relationships between wvelocity of lateral eye
movements and position of the force (or weight) vector
during counterrotation at 100°/s (0.45 g). Each point is
the mean of 64 observations (8 rev. X 8 subjects). Points
for the first half of the rotational cycle are repeated in
order to demonstrate the sinusoidal form of the oculo-
motor response.

tion; with rotation to the left, peak eye velocity to
the left was also phase advanced by about 50°. The
mean phase advance calculated from the individual
records of the eight subjects was 49.5°,

Comparable phase differences were found by
Niven et al. (ref. 10) in the lateral eye movements
produced by sinusoidal linear oscillation in ¥ bhody
axis. Although these workers expressed the phase
error as a lag of eye velocity on acceleration in the
y axis, the functional significance of these findings
is more apparent if they are considered as a mani-
festation of phase advance of the eye movement,
compensatory to the translational motion in the y
axis, upon the linear velocity of the y axis.

The concept of the response being in advance of
the stimulus is supported by subjective data. In a
subsidiary experiment, subjects were exposed to
counterrotation at 77°/s (0.26-g centripetal accel-
eration) and were asked to signal when they felt
they were in the 0° position. Analysis of the results
from eight subjects (fig. 7) revealed a mean phase
advance of 35.9° in the perception of vector posi-
tion, a value that was significantly (p<0.001)
greater than zero. Phase advance in the perception
of position during sinusoidal vertical oscillation in
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Ficure 7.—Mean position of the centrifuge arm when sub-
jects indicated that they were in the 0° position during
counterrotation at 77°/s (0.26 g) to the right and to the
left (48 observations in each direction from eight sub-
jects).

the z body axis was also reported by Mach (ref. 12)
and by Walsh (ref. 13), although the more recent
investigation of Meiry (ref. 14) indicated only a
progressive increase in phase lag with the frequency
of linear horizontal oscillation in the x body axis.
The significance of these phase measurements as an
expression of the dynamics of the otolith organs
and their afferent projections awaits interpretation.

The slow-phase velocity of the eye movements
evoked by counterrotation were of the characteris-
tic sinusoidal form observed in all experiments in
which subjects were exposed to a rotating vector in
the xy plane. In addition, the plots of slow-phase
velocity also exhibit an asymmetry or bias about
zero eye velocity. Thus, when vector rotation was
to the right, peak eye velocity to the right was
greater than to the left; the opposite was true when
the centrifuge turned to the left. The mean peak-to-
peak magnitude of the sinusoidal component of the
response was 18.2°/s when the centrifuge rotated
at 101°/s, and the bias component had a mean
amplitude of 3.5°/s.

The effect of the rate of rotation of the force
vector on the oculomotor response was studied in a
separate experiment. Six subjects were exposed to
counterrotation at five speeds ranging from 45°/s
to 100°/s, which gave centripetal accelerations of

0.09 to 0.45 g. Eye velocity was measured over six
cycles in the steady state at each rotational speed,
and from these measurements mean eye-velocity
curves were prepared (fig. 8) and the magnitude of
the sinusoidal and bias components calculated. Un-
fortunately, the construction of the centrifuge did
not allow the length of the radius arm to be
changed; it was therefore not possible to study
separately the effect of the magnitude of the xy
vector and its rate of rotation.

Figure 8 demonstrates the preservation of the
approximately sinusoidal form of the eye-velocity
curve at all the speeds of vector rotation employed.
The amplitude of both the sinusoidal and bias com-
ponents was positively correlated with the speed of
centrifuge rotation and hence the magnitude of the
rotating vector (fig. 9). Statistical analysis showed
that the correlation between sinusoidal component
and acceleration was significantly better than with
angular velocity. The higher variance of the bias
component prevented a comparable differentiation
to be made for this measure.

The curves suggest that phase angle (peak eye
velocity referred to 0° and 180° vector positions)
increased as the angular velocity and magnitude of
the vector decreased, but this trend was not sub-
stantiated by statistical analysis. The mean phase
advance was 61.4°.
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Ficure 8.—Relationships between angular velocity of lateral
eye movements and position of the force (or weight)
vector during counterrotation to the left at speeds of
44.5°[s to 100.3° /s (centripetal accelerations 0.09 g to
0.45 g). Each point is the mean of 36 observations (6 rev.
X 6 subjects). The mean velocity of the spontaneous
nystagmus of the six subjects when at rest is indicated by
the horizontal dashed line.
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Ficure 9.—Relationships between the amplitudes of the
sinusoidal and bias components of the oculomotor re-
sponse to the magnitude of the rotating linear accelera-
tion vector. Each point is the mean of 36 observations (as
in fig. 8); the vertical bars show *=1 S.D.

COMPARISON OF RESPONSE TO
COUNTERROTATION WITH OTHER
EXPERIMENTAL FINDINGS

The eye movements recorded during counterro-
tation exhibited the cyclical change in eye velocity
and bias in the direction of vector rotation observed
in other experiments in which subjects were ex-
posed to a rotating vector in the xy plane (refs. 1
to 4, 7, 8, 10, and 15). However, there were quan-
titative differences in the magnitudes of the two
components of the response that were related to the
manner in which vector rotation was achieved.
These differences are illustrated in figure 10, where
the amplitudes of the sinusoidal and bias compo-
nents per unit acceleration stimulus (i.e., normal-
ized for 1 g) are plotted against the angular
velocity of the vector. The use of normalized data
facilitates comparison between the different experi-
mental conditions, but there is little experimental

60— R

50 / —
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Component /
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Bias
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Rotational velocity of linear acceleration and frequency
of oscillation in the y axis

Ficure 10.—Comparison of normalized sinusvidal and bius
components of lateral eye movements evoked by rotating
or oscillating linear acceleration vectors. The solid lines
connect mean wvalues from experiments in which the
magnitude of the vector was 1 g; the dushed lines indi-
cate resultant accelerations in excess of 1 g.

Y — Benson and Bodin: horizontal z-axis rotation; eight
subjects (ref. 2).

B — Correia and Guedry: horizontal z-axis rotation ; seven
subjects (ref. 3).

A 5369 — Stockwell, Turnipseed, and Guedry: rotation
about z axis inclined to gravitational vertical; eight sub-
jects (ref. 7).

A —— Steer: rotation about v axis at end of centrifuge
arm ; radial acceleration (in xy plane) 0.3 g, six subjects
(ref. 8).

& — Niven, Hixson, and Correia: linear oscillation on
horizontal track; peak acceleration in y axis £0.58 g,
four subjects (ref. 10).

©® — Counterrotation; from figure 9.

7 Benson (unpublished) ; six subjects.

evidence, other than that presented in figure 9, to
show that the amplitudes of either the sinusoidal or
bias components are a linear function of the intensity
of the xy force vector. The experimental. studies,
summarized in figure 10, were carried out in dif-
ferent laboratories on different groups of subjects;
nevertheless, there is a strong suggestion that rota-
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tion of the subject with respect to a centripetal
acceleration (as employed by Steer, ref. 8, and in
the present experiments) produced a larger sinu-
soidal component and a lower bias component than
when subjects were rotated about a horizontal or
inclined axis (refs. 1 to 3 and 7).

It has been proposed that the eye movements
produced by a rotating vector might be attributable,
at least in part, to the atypical stimulation of am-
pullary receptors (refs. 2, 8, and 11), though the
studies carried out in experimental animals by
Janeke (ref. 6) and by Correia and Money (ref. 5)
tend to discredit this hypothesis. The experimental
evidence favors the view that these eye movements
are a manifestation of the adequate stimulation of
macular receptors by the rotating force vector
(ref. 16).

It is commonly accepted (ref. 17) that it is the
specific force in shear acting parallel to the plane
of the macula that determines the deflection of the
statoconial plaque and the rate of firing of the
sensory cells of the macula. If this is so, then com-
parable responses should be obtained for a given
magnitude of rotating vector, irrespective of the
magnitude of the component normal to the plane
of the macula. But both the sinusoidal and bias
components of the response are altered by the inten-
sity of the specific force acting in the longitudinal
(z) body axis.

The sinusoidal change in eye velocity associated
with a rotating xy vector can readily be attributed
to the resolution of the y-axis component of the
force vector by otolithic neural mechanisms (ref.
18). The bias component defies such a simple me-
chanistic explanation. Benson et al. (ref. 11) have
postulated that a signal related to the rate and
direction of rotation of the vector is derived from
the neural integration of impulses from sequentially
activated macular cells and is responsible for the
bias component. Yet it is difficult to reconcile this
hypothesis with the presence of an inverse relation-
ship between the relative magnitudes of bias and
sinusoidal components in different experimental
conditions. For if the magnitude of the sinusoidal
component reflects the intensity of the fluctuating
discharge of the macular receptors, then the size of
the bias component should alter in a comparable
manner, irrespective of the way in which vector
rotation was achieved.

In an attempt to explain the nature of the oculo-
motor responses obtained in the different experi-
mental conditions, the mechanics of a simplified
otolith organ exposed to accelerations acting in
shear and normal to the macula have been examined.

A THEORETICAL MODEL OF THE
OTOLITH ORGAN AND THE LATERAL
EYE MOVEMENTS PRODUCED BY A
ROTATING LINEAR ACCELERATION
VECTOR

In order to attempt an analysis of the behavior
of the otolith under dynamic excitation, it is neces-
sary to consider a simplified model of the organ,
based on established anatomical features (ref. 19).
As shown in figure 11, the statoconia are considered
as a concentrated mass supported by a viscoelastic
stem that also separates the statoconial plaque from
the sensory epithelium of the macula. It is assumed
that the elastic restraint of the statoconial mass is
provided by the stereocilia of the sensory cells and
that the bending of the cilia is proportional to the
bending movement of the gelatinous stem.

Equation of Motion For the Statoconial Mass

During exposure to linear accelerations of magni-
tudes H in shear and F perpendicular to the macula,
the equation of motion of the statoconial plaque of
effective mass m may be represented as

(mD?*+ND + k) r=m{H+mrF
where
r=deflection of the statoconial mass relative to
the surface of the macula
A=damping coeflicient of the viscoelastic stem

k=elastic coefficient of the viscoelastic stem
{=length of the stem

and D is the differential operator.

Statoconial mass __ _
{Effective mass m)

'0'0'0'0'0'0'.'0'0'0'0'0‘0'0"’0‘0'0'0'0'.'0'0'
R R R KR KRR =—==> mH

L
Ao

ol [ e
Deflection of statoconial moss——yﬂ
mF

Visco-elastic stem 1 £

Sensory cells {

relative to sensory epithelium

Ficure 11.—Diagram of otolith organ with statoconial mass
deflected by shear force mH and normal force mF.
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Dividing through by m¢ and simplifying gives
[D?+2cwo D+ (wo>—wi) Jr=H (1)
where

wot=k/m{

c=N2wom|

(t)f2 :F/()
Response to Step Input of Acceleration in Shear
The steady-state solution of equation 1 is

__H
(woz_F/ﬂ)

Thus an acceleration (F) perpendicular to the
otolith contributes to its deflection as well as
acceleration in shear (H). However, if the shear
acceleration is zero, the effect of the perpendicular
acceleration is nullified.

r=

(2)

Response to a Sinusoidal Input of Acceleration
in Shear

The steady-state solution of equation 1 to a
sinusoidal input (H sin wt) is
B H sin (wt—y)

\Y% [wZ_(wDwafZ) ]2+4‘02w2 Wo?

r

(3a)

where

Y=tan"! 2cww,
[0*— (@ —wf) ]

(3b)

The angle s is the phase lag between the input
acceleration and the output deflection.

Response to a Constantly Rotating Acceleration
in Shear

In order to determine the response of the model
to a constantly rotating acceleration in shear, it is
necessary to consider its behavior in two dimensions
rather than in one as before. The mode of deflection
is that shown in figure 12, where the input accelera-
tion is represented by the vector H. The position of
the sensory epithelium of the macula is defined by
the fixed set of axes x, ¥, and the vector H is rotated
at a constant rate @ with respect to these axes,
making an angle w¢ with the x axis at time ¢. It is
assumed that the deflection vector r also rotates
with respect to the fixed set of axes, and conse-
quently equation 1 can be written in vector notation
as:

[D*+2cwoD + (0> —wf) Ir=H (4)

Rotating force in shear

Angle of twist of statoconial
mass relative to base of
macula.

Statoconial mass(m)

Sensory epithelium
(x! y')

of macula (x.y}

I = Displacement of
statoconial mass
relative to base

= Lag of displacement vector
on force vector

Ficure 12.—Diagram of an ideclized macula showing trans-
lational and torsional displacement of the statoconial mass
by a shear force mH rotating in the plane of the macula
at angular velocity o.

Now the acceleration vector H may be resolved
into orthogonal components along the x and y axes
so that

H=H cos wti+H sin wtj (5)

where i, j are unit vectors in the x and ¥ directions,
respectively. Similarly, r may be resolved into or-
thogonal components,

r=xtyj (6)

Substituting equations 5 and 6 in 4 gives two
equations for the x and y directions:

[D?+2cw,D + (wo>—ws*) Jx=H cos wt

[D?242cwoD + (wo>—w/*) ]y =H sin wt

The simplest solution for equation 7 is obtained
when H and w are constant. Then

(7)

x=%cos {(wt—)

(8)

y—‘-—/lqisin (wt—r)

where 1 is given by equation 3b and
A=V [wi—(0i—op) ] ticw’w.’ (9)
These equations give a constant deflection r
given by

S

=V yi= (10)
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It can be seen from equation 7 that the deflection
vector r makes an angle (wt—y) with the x axis
at time ¢. From this it may be concluded that the
deflection vector rotates at the same constant rate
® as the input vector H, but that it is always lag-
ging behind H by the constant angle y». As a con-
sequence, the input vector does not pass through
the center of the base of the macula, but to one
side of it. The offset shear force produces a torque
given by the equation

T'=mHr sin ¢
This torque is resisted by the torsional stiffness

of the gelatinous stem, which will thus be twisted.
If the stem is assumed to be linearly elastic in

torsion, the angle of twist () of the mass with
respect to the macula is given by the equation

_Hrsin ¢
kt
where k: is the torsional stiffness of the stem.
The component sin ¥ is found from equation 3b:
2cww,

sin Y= 1
Substituting equations 10 and 12 in 11 and
putting p=w/w, and pi=wi/w, gives

H
r=
@*V [pP—(1—ps*) " +dcp?

6 (11)

(12)

(13)

and

_ keH?p
[ (1—p) P dcp?
where ko=2c¢/®,2k:.

Thus the model predicts that the application of
a constantly rotating acceleration in shear would
produce not only the expected deflection of the sta-
toconial mass in shear, but also a twist of the
statoconial mass with respect to the sensory epi-
thelium of the macula.

6

(14)

Neural Transduction of Statoconial Plaque Motion

Experimental studies of the activity of primary
afferent neurons of macular receptors (ref. 20) and
of cells in the vestibular nuclei, which relay such
macular afferents (refs. 21 and 22), have indicated
that alteration in the magnitude of the shear ac-
celeration (H) is signaled by a change in the
discharge frequency of the sensory cells. Two com-

"o,
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ponents of the neuronal response may be recognized
(refs. 20 and 23): the one, a static response in
which the discharge frequency is proportional to
the sustained shear acceleration; and the other, a
dynamic response in which the sensory cell signals
the rate of change of the shear acceleration. Now
it is known from both anatomical (ref. 24) and
electrophysiological studies (refs. 20 to 22 and 25)
that the sensory cells of the macula, like those of
the ampulla, are optimally stimulated by a bend-
ing movement of the stereocilia towards the kino-
cilium. However, the cells of the macula, unlike
those of the ampulla, do not exhibit a uniform
directional sensitivity or morphological polariza-
tion. As shown in figure 13, the directional sen-
sitivities of sensory cells in each half of the macula
have an approximately radial distribution and are
of opposite polarity on either side of the striola.

But how are the neuronal signals from these
multitudinous receptors, with differing directional
sensitivities, organized within the central nervous
system to produce responses related to the direction
and intensity of the specific force? This topic is too
broad to be adequately discussed within the frame-
work of this paper. However, it is relevant to
describe a possible mechanism for the processing

y axis— E-Directio'n of
%ﬂectlon
Med.
Lat.
- Striola

Post.

Ficure 13.—Plan view of a left utricular macula, illustrat-
ing the directional sensitivity of the sensory cells, based
on Lindeman (ref. 19). The open arrows represent the
directional sensitivity of the integrated neural activity of
all the receptors in each half of the macula.
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of signals from the utricular maculae and to attempt
to explain the genesis of lateral eye movements by
otolith mechanisms.

The assumption central to our argument is that
the sensory cells of the macula are not topogra-
phically represented within the central nervous
system, but that neuronal signals from each half
of the macula, as divided by the striola, are handled
collectively. The justification for this hypothesis is
twofold: First, cach afferent neuron is innervated
by a number of sensory cells, but this aborizing
network does not cross the striola (ref. 19).
Second, the organization of macular afferents is
likened to ampullary afferents where the phy-
siolagical response reflects the differential total
input from complementary pairs of canals (refs.
26 and 27).

Consider a deflection of the statoconial mass in
a direction that makes an angle € with the y axis,
as shown in figure 13. The sensory cells, which
are morphologically polarized in this direction,
will show a maximum change in activity (e) above
their resting activity (f). The activity of a cell
having a directional sensitivity that makes an angle
¢ to the y axis will be e cos (¢—€) +/, for the same
displacement of the statoconial plaque (ref. 21).
The total signal E from one half of the macula is
the sum of the signals from all the receptors with
directional sensitivities ranging from { to 7 (fig.
13).

Thus

4
E:/; [ecos (dp—e) +f1do
=e[sin ({—¢) +sin(n+e]+F
where f is the resting discharge of all cells in each
half macula.

Simplifying,

E=ecos (et+y)+F
where ¥y = ({—m)/2 and e = €2 sin [({+7)/2].
Thus the directional sensitivity exhibited by the
integrated activity of a half macula can be repre-
sented by an idealized receptor (indicated by the
open arrow in fig. 13) with a directional sensitivity
at an angle y to the y axis.

Consider now the sustained deflection of the
statoconial mass under the influence of linear ac-
celerations H, and H, acting in the sagittal and
transverse axes of the skull, respectively. Then the

total neural signal (E) from the anteromedial (am)
and posterolateral (pl) halves of the right (R)
and left (L) utricular maculae may be represented
as

EL(um):k(—Hy cos ')’—Hl sin ')’) + F, Ercam>
=k(+Hycosy—H;siny) + F

Eron =k(Hycosy+Hysiny) + F, Eropp
=(—Hycosy+H,siny) + F

where k is a constant of proportionality.

Now it is suggested that the signals from the
maculae are processed within the central nervous
system by a mechanism similar to that which ap-
plies for canal afferents, namely the differential
summation of complementary inputs.

Thus, if the left posterolateral and right antero-
medial maculae are considered as a complementary
pair with the left anteromedial and right postero-
lateral maculae, then the resulting neural signal is

Ex:EL(pl)_EL(am y—Erwm +ER(pl)
=4kH, sin y

and hence carries information only about the y-axis
acceleration. Similarly, if the anteromedial and
posterolateral halves of each macula are consid-
ered as complementary pairs, then the total signal
is

Ey:El,(pl)—EL(mn) J‘;ER(am )*ER(pl)

=4kHy cos y

which is influenced only by the x-axis acceleration.
Since the angle y is on the order of 45° in man
and the other mammals examined by Lindeman
(ref. 19), the activity of the two neural centers,
represented by E: and Ey, should have comparable
sensitivity for displacement of the statoconial
plaque in the x and y axes, respectively (fig. 14).

Under the influence of a force vector (mH)
which rotates in the xy plane, displacement in the
x and y axes is described by the periodic function
kH sin wt, and the statoconial plaque is twisted
through an angle 6, which is proportional to the
torque developed by the offset shear force. Trans-
lational motion of the statoconial plaque in the
x and y axes will, according to the postulated
mechanism, be resolved by the neural centers (rep-
resented by E; and E,), which accordingly should
exhibit a sinuscdial modulation in their activity.
On the other hand, torsional displacement of the
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Ficure 14.—Diagram of a possible mechanism by which
neural signals related specifically to x- and y-axis acceler-
ations are extracted within the CNS by the differential
summation of the activity of complementary half maculae.
For the purpose of this diagram the directional sensitivity
of each half macula was assumed to make an angle (v)
of 45° to the y axis. The convention employed for the
nomenclature of the specific forces due to positive acceler-
ations in the x and y axes is shown at lower right.

statoconial plaque about the center of the macula
will stimulate preferentially those receptors that
lie toward the periphery of the macula and have a
directional sensitivity tangential to the torsional
axis of the macula.

Now, if such tangentially oriented receptors
were equally distributed in each half of the macula,
there would be no alteration in the integrated neural
signal when torsional movement of the statoconial
plaque occurred. However, this condition is prob-
ably not fulfilled, since the sensory cells on the
anterior border of the macula are more tangen-
tially oriented than those on the medial border.
Hence torsion of the statoconial plaque in a clock-
wise direction (when viewed in plan) should cause
an increase in the integrated activity of the left
posterolateral macula, a decrease in the integrated
activity of the left anteromedial macula, and the
converse alteration in activity of the two halves of
the contralateral macula. This would produce a
signal (Ey) in the neural center, equivalent to a
linear acceleration +Hj,, but no change in the
neural center represented by E.. Similarly, torsion

of the statoconial plaque in a counterclockwise
direction would influence Ey in the same manner
as a —H, stimulus. When the linear acceleration
vector rotates at a constant rate, it is postulated
that the torsional movement of the statoconial
plaque is also relatively constant and that the in-
tensity of the neural signal will not be influenced
directly by the dynamic response of the sensory
cells.

However, the neural transduction of the sinusoi-
dal displacement of the statoconial plaque will be
dependent upon an adaptive or rate-sensitive term

(ref. 23). Hence,
Ey,=kgb+ kst sin wt \/1+ pZa?

where @ is the sensitivity to the rate of change of
deflection of the statoconial plaque, ks and ks are
constants of proportionality, and r and 6 are given
by equations 13 and 14.

The final stage in the development of the model
is to propose that the neural signal E, determines
the angular velocity of the lateral (horizontal) eye
movements evoked by the rotating vector. Here
again the model is based on the known organization
of ampullary afferents where, for example, the dif-
ferential signal from the two complementary lateral
canals determines the angular velocity of com-
pensatory lateral eye movements (ref. 28). How-
ever, for the input from the otolithic maculae, it
is necessary to introduce a high-pass filter, similar
in principle to that proposed by Mayne (ref. 23),
which allows the alternating otolithic signals to be
routed to eye-velocity control mechanisms, similar
if not identical to those utilized by canal afferents.
The low-frequency or steady-state activity deter-
mines the compensatory deviation of the eye that
occurs in the presence of a linear acceleration
vector with constant magnitude and direction. The
demonstration of convergence (ref. 29) of canal
and otolithic afferents in the vestibular nuclei in
animals exposed to a rotating linear acceleration
vector (ref. 11) lends support to this hypothesis.

Behavior of the Model Under Specific Conditions

The response of the model to a rotating linear
acceleration in shear (H) and a constant normal
acceleration (F) was calculated with values of H
and F appropriate to those experimental conditions
in which eye-velocity measurements have been made
in man (fig. 1). These were:
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(a) Rotation about an Earth-horizontal axis,
where H=1 g, F=0.

(b) Rotation in a centrifuge, where H=0.3 g,
F=1 g

(c) Counterrotation, where H=0.15w? g, F=1 g.

(d) Rotation about an inclined axis, where o=
80°, H=0.17 g, F=0.98 g; or «=60°,
H=03 g, F=0.87 g&.

The Bias Component

Since the experimental data were presented nor-
malized for shear acceleration (H), the bias com-
ponent (B) in normalized form is given by a modi-
fied form of equation 14:

Bl
H  [p*—(l—ps) ]*+4cp?
where B is the slow-phase eye velocity of the bias

component, which is proportional to the angle of
twist (8) of the statoconial plaque.

(15)

Equation 15 contains two unknown parameters,
¢ and p/A From the experimentally determined
curves relating bias component to the rotational
frequency of the H vector, it is apparent that in
the F=0 condition a peak response occurred at
0.2 Hz or 1.2 rad/s. When equation 15 was plotted
against p, this function also exhibited a peak (9),
the position of which may be shown to be a func-
tion of the damping coefficient (¢). The value of ¢
must be such as to satisfy the equation

A_12
Wo

The natural frequency of the system can be deter-
mined by considering the static deflections of the
statoconial mass under the influence of a 1-g ac-
celeration in shear. This will be given by equation
1 (with F=0 and H=1 g). However, since the
statoconial mass is embedded in a viscous medium
of approximately half its density, the effective de-
flection of the mass will be halved. Therefore,

wo>=g/2r,

where r, is the deflection under 1-g acceleration in
shear. Now if r, is on the order of 20 um (ref. 30),

wo==500 rad/s
and

p=2.4x10"3

The value of the damping coeflicient to give this
value is

¢=200

This is a very high value and represents a highly
overdamped system, but it is not unrealistic.

For condition b, which represents rotation at the
end of a centrifuge arm, the normal acceleration
(F) is 1 g. But, as in condition a, the effective value
of the acceleration is approximately halved. Thus
ps* will be given by

o8&
ps 2w

By putting p/#=0.5 in equation 15 and plotting
against p, the relative magnitudes of ﬁ for condi-
tions a and b were obtained. This condition gives
a value for { of 40 um, which is known to be of the
correct order (ref. 31).

After the values of parameters ¢ and p? were
determined, the magnitude of the normalized bias
component was computed over the frequency range
{0.02 to 0.8 Hz) used in the experimental studies.
It may be seen from figure 15 that the form of the
calculated bias component is in general agreement
with the experimental results. In particular, the
model accounts for the smaller magnitude of the
bias component in condition b than in condition a,
and for the frequency shift of the pcak response.
The model also predicts a falling bias component
with increasing frequency, but at a lower rate than
that found experimentally.

For counterrctation (condition c), H was fre-
quency dependent. When the appropriate function
was substituted for H in equation 15, the model
yielded a bias component that increased progres-
sively with frequency and was equal to magnitude
to the bias component for condition a at approxi-
mately 0.25 Hz and for condition b at approxi-
mately 0.18 Hz. The experimental results were not
of the predicted form, perhaps because of the high
variance of the normalized bias component at low
values of H. However, it is of interest that equality
with conditions a and b was reached at approxi-
mately 0.28 Hz and 0.19 Hz, respectively.

Calculation of the normalized bias for rotation
about an inclined axis (condition d) indicated that
the response sheuld increase with the angle of tilt
from the vertical. With the exception of one point

(H=1 g, F=0 of Stockwell et al., ref. 7) the
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Ficure 15.—Comparison of experimentally determined bias
component with theoretical model. The lower half of the
figure is the same as in figure 10.

experimental results are in ordinal agreement with
the theoretical prediction, but quantitative dif-
ferences exist between the replicate measures made
in different laboratories.

The Sinusoidal Component

The peak amplitude of the normalized sinusoidal
component is given by a modified form of equation

13:

R ksv/1+pa?
H V[p—(1—pf) PPHacp?
where R is the peak amplitude of slow-phase velo-
city of the sinusoidal component.
The constant @ is not known; the value a=108
was used in order to produce theoretical curves of
approximately the same shape as those obtained

experimentally. However, the feature of the model
lies not in the position of the inflections in the plot
of sinusoidal component against rotational {re-
quency (fig. 16), but rather in the prediction that
the size of the normalized sinusoidal component

Sinusoidal component R _ Vied p2 All
Acceleration in shear H\/(T~p1-pFZ)2~4csz(1-p:l vu'll:rs
of
Normalised .. _F —
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FicUure 16.—Comparison of experimentally determined sinu-
soidal component with theoretical model. The lower half
of the figure is the same as in figure 10.

is in part dependent upon the magnitude of the
normal acceleration (F). As with the bias com-
ponent, the agreement between the model and ex-
perimental results is good for conditions a and b.
For counterrotation (condition c¢) the experimen-
tally determined values tend to be high, especially
at the low rotational speeds, but maintain an or-
dinal relationship to the F =0 condition and so are
in accord with the theory. Similarly, ordinal agree-
ment is present between calculated and experimental
values for inclined-axis rotation, with the exception
of the 10° tilt condition (H=0.17 g), where the
oculomotor response is of low velocity and the
variance of the normalized measure is proportion-

ally high.
CONCLUSION

The model that has been developed attempts to
describe the dynamic behavior of the utricular
maculae under the influence of a fixed acceleration
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acting normal to the surface of the macula and a
linear acceleration in shear that rotates at a con-
stant speed. The novel features of the model are
that it accounts for the bias component of the
oculomotor response by a twisting of the stato-
conial mass with respect to the base of the macula,
and that it presents a parsimonious mechanism for
the central integration of neural signals from
macular receptors.

The equations derived to describe the magnitude
of bias and sinusoidal components give plots which,
though by no means exact, are in general agree-
ment with the results of experiments carried out in
man. However, agreement between model predic-
tions and experimental results does not necessarily
imply that the physiological mechanism is the same
as the theoretical model.
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Systems Analysis of the Vestibulo-Ocular System™
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Controlli Automatici, Politecnico di Milano, Italy

SUMMARY

The vestibulo-ocular system is examined from the standpoint of system theory. The evolution
of a mathematical model of the vestibulo-ocular system in an attempt to match more and more
experimental data is followed step by step. The final model explains many characteristics of the
eye movement in vestibularly induced nystagmus. The analysis of the dynamic behavior of the model
at the different stages of its development is illustrated in time domain, mainly in a qualitative way.

INTRODUCTION

Most of the problems related to clinical inves-
tigations of biological systems may be stated as
identification problems. Sometimes it is a matter
of simple parametric identification, since the anat-
omy and the physiology of the system under con-
sideration are perfectly known. In other cases one
has to deal with more complex identification prob-
lems, involving both the structure of the system and
the values of its parameters.

Black-box identification of dynamic systems con-
sists in discovering the dynamics of a system from
the recording of its response to a proper stimulus.
Mainly for linear systems, there are very powerful
techniques for solving this problem (ref. 1).

In the specific case of the vestibular system, this
approach is clinically impossible, since the output
of the vestibular system cannot be measured direct-
ly. Therefore, one has to look for an indirect
measurement of the vestibular output. Since the
vestibular system interacts with the oculomotor
system, and the output of the latter, that is, eye
movement, can be easily measured, the first idea
was to use eye movement in vestibularly induced
nystagmus for an indirect measurement of the
vestibular output.

* Work supported by C.N.R., Rome, Italy.

It is a common practice in the investigation of
the semicircular canals to assume that nystagmus
slow-phase velocity is proportional to cupula de-
flection. Since the relationship between head an-
gular rotation and cupula deflection has been well
established on the basis of many theoretical and
experimental studies (refs. 2 to 5), slow-phase eye
velocity is used to identify canal parameters (refs.
6 to 8). However, the assumption that the dynamics
of the neural processing may be described by a
simple integrator leads to an oversimplified model
which cannot explain many important phenomena,
first of all adaptation.

Young and Oman (ref. 9) and Malcolm (ref.
10) have proposed two more sophisticated models
that can predict adaptation. The entire pattern of
the nystagmus beats, their variable amplitude and
frequency, remain unexplained by these models.
An attempt in this direction has been made by
Sugie and Melvill Jones (ref. 11) and by Outer-
bridge (ref. 12). On the other hand, their models
cannot explain adaptation.

At this point it is worthwhile to seck a deeper
insight into the mechanism that produces eye
movement in vestibular nystagmus. This paper pre-
sents the evolution of a mathematical model in an
attempt to match more and more experimental data.
Restricting the investigation to eye movement pro-
duced by rotational stimuli of the lateral semicir-
cular canals, an attempt is made first to explain

237
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some characteristics of the nystagmus patterns,
mainly in sinusoidal rotational tests. The model is
then modified to explain also adaptation and sec-
ondary nystagmus in postrotational tests. Finally,
a last modification is introduced to justify a non-
zero final value of the cumulative eye position and
the possible existence of a third phase in post-
rotational nystagmus.

For simplicity, some minor mathematical details
are purposely avoided, while the analysis of the
dynamic behavior of the model at the different
stages of its development is illustrated in time
domain, mainly in a qualitative way.

FIRST-APPROXIMATION MODEL

The starting point of the present research has
been a very interesting information flow diagram
proposed by Melvill Jones and Milsum in 1965
(ref. 13) to interpret the main neurological path-
ways of the visual stabilization system. In their
diagram the central nervous system (CNS) re-
ceives information from four main feedback chan-
nels: visual, vestibular, and two proprioceptive
(eye in skull, skull on body). Using this informa-
tion, the CNS produces, by means of the extraocular
muscles, rotation of eyeballs in their orbits such
that the fovea remains stationary on a moving
target.

Melvill Jones and Milsum’s information flow
diagram becomes greatly simplified if it is referred
to the operating conditions usually realized in ro-
tational tests for clinical investigations of the
lateral semicircular canals. Assuming a subject
sitting on a chair rotating about a vertical axis in
total darkness with body and skull fixed relative
to the chair, refer to the information flow diagram
in figure 1. The visual and the neck proprioceptive
channels are not considered. The reference signal
fr for visual fixation is set equal to zero, since it
is also assumed that the subject will not maintain
a fixed gaze in a particular direction. The angles
defined in the inset “uniocular” sketch in figure 1
represent the rotations in the horizontal plane of
the skull and body (6:=65), eye (6.), and eye in
skull (0er:0e'—0s)-

The dynamics of the pair of lateral semicircular
canals may be described by a linear block in spite
of the unidirectional sensitivity of the vestibular
sensory hair cells (ref. 14). Actually, the two canals

-8 Extraocular muscles and Ber
C.N.S. 3
eyeball dynamics

Extraocular muscle
propriaception

Semicircular
canals

le

8, = skull angular position
8, = body angular position =98
8, = eye angular position

8, = eye in skull angular position

Oy = reference signal

Ficure 1.—Simplified information flow diagram for the
vestibulo-ocular system.

act as a push-pull system, thus canceling the effect
of the nonlinear response of the single canals (ref.
15). Assuming the same static and dynamic be-
havior for all the elements in the two parallel
pathways of the push-pull system,” and owing to
the consequent linearity of the overall system, the
output 6, of the complex of the two canals and
their nerve processes can be related to skull angular
position 85 by the following transfer function:

0,(s) _ —ks? (1)
0s(s) (1+sTy) (1+sT2)

where T and T2 are the short and long time con-
stants, respectively, of the canals. They have been
assumed to be the same for both the canals. Their
relationship to canal physical parameters has been
well established (ref. 16).

* This assumption turns out to be fairly true for normal
subjects. It would be interesting to deduce eventual differ-
ences in the static and dynamic characteristics of the two
canals from the analysis of the nonlinearity in the overall
response.
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The negative sign has been introduced into the
transfer function of equation 1 to point out that
head and eye movement should be in opposite
directions to obtain compensation.

Attempting to construct a model for the remain-
ing part of the system, one has first to answer the
following question: What is the role (if any) of
the extraocular muscle receptors in vestibularly
driven eye movement? Stretch reflex in human
extraocular muscles has been thoroughly discussed
by Robinson in his excellent review of the oculo-
motor control system (ref. 17). Reporting the
divergent opinions of different investigators, he
concluded, “At the moment the situation can only
be summarized by saying that, although stretch
afferent signals exist, no one knows with any cer-
tainty where in the brain stem they go and what
use the central nervous system makes of them.”

From an automatic-control-system point of view,
with reference to the diagram in figure 1, the prob-
lem can be stated as follows: Do the extraocular
muscle receptors play an important role so that the
vestibulo-ocular system behaves as a closed-loop
control system even in the absence of the visual
information, or is their role so unessential that the
vestibulo-ocular system should be considered an
open system when the visual feedback is excluded?

By accepting the first hypothesis and following

a tempting suggestion by Milsum that separate
position and velocity proprioceptive units are con-
cerned with eye position and velocity control, re-
spectively (ref. 18), the model in figure 2 can be
imagined.

Two interacting feedback control loops govern
smooth and saccadic eye movement, respectively.
The reference signal of the first loop, shown in the
lower part of figure 2, is the vestibular output 6.,
which is compared with the output of the velocity
proprioceptive units considered as feedback trans-
ducers of eye angular velocity. The difference
signal 4 is then integrated and added to the output
of a block representing the mechanism for saccadic
movements to obtain the force applied to the extra-
ocular muscles. Integration is needed because the
output of the semicircular canals is nearly propor-
tional to skull angular velocily over the frequency
range of natural head movements (refs. 13 and
19), while compensation should be obtained for
head position. The reference signal 6r for the
saccadic control loop, shown in the upper part of
figure 2, is set equal to zero for the above-men-
tioned reasons. A measure of relative angular posi-
tion of the eye is fed back to the block controlling
the saccadic movements by the position propriocep-
tive units.

Examining the model illustrated in figure 2, one

Position propr.

units
M -
8,=0 echanism K,
—> for B -
sacc. mov. 1+sT,

8, (s) Ks? B,(s) B4ls) i - Extraoc:l:; muscles )
(1+sT ) 1+sT,) *¥- eyeball dynamics
Semicircular Neural

canals integration
K;s
T+sT,

Velocity propr.

units

Ficure 2.—Model of the vestibulo-ocular system with separate position and velocity proprioceptive

units.
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is led to the conclusion that the nystagmus fast
phase should disappear when the extraocular mus-
cle receptors are made ineffective. There is a good
deal of experimental evidence against this fact.
McCauch and Adler (ref. 20), showed long ago
that the fast phase is not triggered by a peripheral
mechanism such as proprioception, and their re-
sults have been later confirmed by other investiga-
tors (ref. 21). The simple way to overcome this
point is to imagine a central model of the oculo-
motor system receiving information from the ves-
tibular system and generating a signal &.., pro-
portional to eye relative angular position as shown
in figure 3. It is tempting to speculate that the
information given by the position proprioceptive
units is used to adjust the parameters of this
central model.

For purposes of simulation and to facilitate the
analysis of the model’s dynamic behavior, it is
perfectly equivalent to assume that the signal @,
is directly obtained by multiplying the output ..
by a constant Ks. This is what will be done later
on.

The feedback through the velocity proprioceptive
units may be thought of as an inner control loop

THE ROLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATION

included within the complete system, which uses
the visual feedback for the main feedback control
loop. Actually, control engineers often introduce
this kind of feedback compensation to improve the
dynamic characteristics of their control systems.
Since there is a great deal of physiological evidence
that the nystagmus slow phase is also influenced
very little by the extraocular muscle stretch reflex
(ref. 21), the model in figure 3 can be simplified
by dropping this feedback pathway.

The model proposed for the mechanism for sac-
cadic movements is very close to that suggested by
Young to explain saccades in his sampled-data
model for eye-tracking movements (refs. 22 and
23). Actually, there is no consistent reason for
thinking of different mechanisms for saccadic
jumps in eye tracking and in vestibular nystagmus.

As shown in figure 4, which illustrates the com-
plete first-approximation model, a signal propor-
tional to relative angular position of the eye is
compared with a reference signal §r=0. When the
error signal overcomes a threshold value of ¢, it
goes into a sampler, which operates at sampling
interval T. The synchronization of the sampler is
assumed to be set to coincide with the beginning of
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Ficure 3.—Model of the vestibulo-ocular system in which a signal ¢',, proportional to eye relative
angular position is generated by a central model of the oculomotor system.
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Ficure 4.—First-approximation model.

eye motion. The impulses generated by the sam-
pler are delayed by 7 seconds and integrated to
give the steps that produce the fast component of
the nystagmus. Good results in fitting experimen-
tal data have been obtained by taking Ks=1 (this
value has been fixed arbitrarily*), a=6° to 7°,
T=200 to 220 ms, and 7=160 to 180 ms. These
values of T and 7 are in good agreement with the
mean values indicated by Young et al. for the
average refractory period for saccadic movements
and for the reaction time, respectively (refs. 22
and 23).

To describe the dynamics of the extraocular
muscles and eyeballs, the transfer function pro-
posed by Westheimer (ref. 24) or that suggested
by Robinson (ref. 17) can be used. Even if these
transfer functions are quite different, both indicate
that the dynamics of the extraocular muscles and
eyeballs is extremely fast when compared with the
long time constant of the semicircular canals. Thus,
another simplification has been introduced, neg-
lecting the dynamics of this block, which has been
characterized only by a constant gain Ko.**

TIME-DOMAIN ANALYSIS OF THE
FIRST-APPROXIMATION MODEL

A detailed mathematical analysis of the model
in figure 4 has been presented elsewhere (ref.
15). The aim of this section is to describe the

* It should be noted that, from the analysis of the nystag-
mus records, one can get an idea of the approximate value
of the product Kja. No suggestion can be derived for the
value of each one of the two parameters K5 and a.

** This simplification implies that the fast components
in the simulated nystagmus follow a vertical line instead of
decaying exponentially.

dynamic behavior of the first-approximation model
in time domain, mainly in a qualitative way.

Assume that a sinusoidal rotational test has to
be simulated. The input 6,(¢z) will be a sinusoidal
function. At steady state, the output 6,(z) of the
pair of canals and the output x(¢) of the integrator
in the primary pathway will also be sinusoidal.

Let the instant at which x(¢f) goes through zero
be considered, and assume that at the same instant
the output y(¢) of the mechanism for saccadic
movements is also equal to zero. At the end of this
analysis it will be clear that y(z) is practically
equal to zero at the end of each period of x(¢).
Finally, for the sake of simplicity, let the instant
considered coincide with a sampling instant, and
let also Ko, K5, and k¢ be equal to 1.

Since Ko=1, as long as x(¢) is less than the
threshold value of «, it follows that

Oer(8) =x(2)

(first slow component in curve A of fig. 5).
When the threshold is reached or exceeded at a

/—Inhgr.tor output x(t)

Sampling instants

EY ST N t
=
output 8, (t)

8
| Sampler output
[TT]17 '
Output y(t) of the
c mechanism Ffor saccadic

movements

Ficure 5.—Qualitative response of the first-approximation
model to a sinusoidal input.
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sampling instant KT, the sampler generates an im-
pulse (curve B), which is converted into a step
with amplitude equal to 6..(KT), since Ks=Ks=1.
7 seconds later, y(¢) assumes instantaneously the
step value (curve C), and the first fast component
is produced. The output ., does not return exactly
to zero; because of the time delay 7, there is a
“reset error” equal to Oer(KT+7)—0e-(KT).
After the end of the first fast component,

Ber(t) =x(2) —0er(KT)

until the threshold is reached again at a sampling
instant (second slow component in curve A),
and so on.

If Ko has to be set at other than 1, it is still pos-
sible to fix arbitrarily K5=1 in order to maintain

the value of a unchanged, but Ks must be taken as
equal to 1/Ko.

Even from this rough description of the model
behavior, one can easily understand that the model
in figure 4 can predict the following charactertistics
of eye movement in vestibularly induced nystagmus.

(a) The amplitude of the nystagmus beats is not
constant.

(b) The duration of the slow components is not
constant.®

(c) The eyes do not always return to the resting
position at the end of the fast component, and
the reset error is not constant.

There is another characteristic of the vestibular
nystagmus produced by head sinusoidal rotation
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Ficure 6.—Recordings of horizontal eye nystagmus arising from rotational stimulation of horizontal
semicircular canals with sinusoidal angular accelerations of variable frequency and fixed magni-

tude. (from ref. 25)
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s

Ficure 7.—Result of the simulation of the sinusoidal rotational test which gave the last tracing in
figure 6. Model input: 6,(t) =25.5 sin 0.47t. Model parameters: T, neglected; T,=16 s; Ky=
Ks=Ks=1; Ki*Ko=14; a=6°; T=200 ms; r=180 ms.

that can be explained by this model. Figure 6 shows
some dc recordings of horizontal eye nystagmus
obtained by Niven et al. (ref. 25) during sinusoidal
rotational tests of variable frequency and fixed
peak angular acceleration. Examining these records,
one can easily note that, as the frequency increases,
the nystagmus beats seem to modulate a sinusoidal
wave. In other words, the reset error varies sinusoi-
dally, and its amplitude increases with the fre-
quency.

Such behavior can be easily explained on the
basis of the model in figure 4, if the reset error is
expressed in terms of cumulative eye position fec.
By definition, the cumulative eye position is ob-
tained by eliminating the fast phase of nystagmus
and fitting together the smooth portions (ref. 26).
Thus, the cumulative eye position is given by the
model output when the saccadic pathway is main-
tained open; that is,

Oec(t) =Kox(t)

If the input 6, (¢) is sinusoidal, x(¢) and then
Bec(t) are also sinusoidal at steady state. Therefore,
it can be written as

Oec(t) =A sin wt (2)

Carrying on simple calculations (ref. 15), it is pos-
sible to prove that the reset error at the end of the
ith fast component is given by

e(KiT+7) =0ec(KiT+7) 8 (K:T)  (3)

Then, from equation 2,
e(KiT +7) =A sin o (KT +7)—A4 sin oK;T  (4)
where K; is an integer depending on the number of
sampling intervals which have preceded the ith fast

component.
The discrete function (equation 4) can be con-

* The model predicts that the duration of the slow com-
ponents is always an integer multiple of the sampling period.

sidered as obtained by sampling the continuous
time function

e{t)=Bcosw (H—;—) (5)

at the instants K;T+7. The peak amplitude B is
given by
wT
B=24 sin —— (6)
2

From equation 5 it follows that the reset error
predicted by the model is a discrete sinusoidal
function. From equation 6 it follows that the ratio
between the peak amplitude B of the reset error
and the peak amplitude 4 of the cumulative eye
position increases with the frequency.

Finally, the model in figure 4 predicts for sinu-
soidal head rotations of fixed frequency a number
of nystagmus beats in a period of the stimulus in-
creasing with the amplitude of the stimulus. How-
ever, there is an upper limit on such a number given

by

N{f)= T
where f is the frequency of the stimulus and T is
the sampling interval. This kind of saturation has
been noted by others (ref. 27).

Figure 7 shows the result of the simulation of
the sinusoidal rotational test which gave the last
tracing in figure 6 (f=0.2 Hz). The values assumed
for the model parameters are indicated in the same
figure.

Unfortunately, the model in figure 4 fails in
predicting the system response to postrotational
stimuli. If a velocity step input is considered, the
signals x(¢) and y(¢) will follow the pattern indi-
cated in curves B and C, respectively, of figure 8.
At steady state, the output 6.-(¢), which depends
on x(t) and y(¢), is zero, but the initial resting con-
ditions are never reached again. This statement
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6, (t)
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ytt)

Ficure 8.—Qualitative response of the firstapproximation
model to a velocity step input.
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obviously cannot be accepted. Moreover, the signal
x(t) +y(¢t) will always maintain the same sign, so
no secondary nystagmus can be expected. Finally,
the cumulative eye position will have the same
pattern as x(¢) (curve B), while the experimental
data indicate for f..(¢) a kind of adaptation. That
is, fec(t) increases exponentially with a time con-
stant approximately equal to the canal long time
constant, reaches a maximum, and then decreases
very slowly.

SECOND-APPROXIMATION MODEL

In order to make the model able to predict also
the system response to postrotational stimuli, the
diagram in figure 4 must be slightly modified.
Namely, the perfect integrator in the primary path-
way has to be transformed into an “integrator with
leak,” as shown in figure 9, which gives the block
diagram of the second-approximation model.

The transfer function of the integrator with leak
is given by

X*(s) _ M1

o (s)  1+sTq
where u1=1/8, Ta=1/K:, and B is the leak factor.
Assuming the time constant Ta >T3 (Ta=~100s),
the frequency response of the continuous part of

the model will not change very much. In particular,
the analysis of the model response to a sinusoidal

O =0 o\ K
+ 5
/. > Ls_ e
a T s
Yi(s)
| __________ -
| |
I
8, (s) -Kis? 0s)| + K, 1X%s) g+ P Ber(s)
re 0
(1+sH)(1+5T;) e ¢ s Lt
! |
' :
| B | r
' |
' i
|

Ficure 9.—Second-approximation model.
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input carried out in the preceding section will give
the same results if it is referred to the diagram in
figure 9 instead of that in figure 4.

Taking the transfer function between nystagmus
slow-phase velocity and head angular acceleration
results in

fec(s) K(s) 7
U.(s)  (1+sT1) (1+sT2) (1+sTa) )

where K=—K;u1Ko. This transfer function is of
the same kind as that proposed by Young and
Oman (ref. 9) to explain adaptation. The values
indicated by those authors for the time constant T4
and the gain K are 125 s and 840 s, respectively.
These values can be obtained by fixing K1=Ko=1
and letting 8=1.2X10? and K»=6.7.

Figure 10 shows in a qualitative way the model
response to a velocity step input. At steady state,
the signals x*(¢) (curve B) and y(¢) (curve C)
return to zero, as does the output 8e-(¢). Thus the
initial resting conditions are restored. The signal
x*(¢) +y(¢) changes its sign when the output of
the integrator with leak begins to decrease, and a
secondary nystagmus appears after a latency period
due to the fact that the maximum of x*(¢) is very
flat (Ta > T2) (curve D). During the latency period
it is

KoKs | x* () +y(¢) | <«

and thus there are no nystagmus beats.

It should be noted that during the nystagmus
latency period the output @e-(¢) is neither always
zero nor constant. In other words, the model in
figure 9 does not predict any discontinuity in slow-
phase eye velocity from primary to secondary nys-
stagmus. The latency period has been explained by
Young and Oman (ref. 9) by introducing a 3.8°/s
threshold for eye velocity in a direct path from
canals to eyes (ref. 9). As pointed out by Malcolm
(ref. 10), this would imply a discontinuity in slow-
phase eye velocity, which does not appear in the
records he obtained. Moreover, if such a velocity
threshold existed, the transitions from right to left
nystagmus in response to a head sinusoidal rotation
would be very different from those shown in the
tracings of figure 6.

The cumulative model output, proportional to

x%*(¢), shows the expected pattern for the cumula-
tive eye position. Neglecting the canal short time

6, ()

x* )t

ytt}

8,.(t)

LY
¢
. prima;“ secondary

nystagmus nystagmus

Ficure 10.—Qualitcetive response of the second approxima-
tion model to a velocity step input.

constant Ty, and taking the inverse Laplace trans-
form of equation 7, the slow-phase eye velocity in
response to a step change in head angular velocity
(head acceleration impulse) is given by

KV ( 1 47 1

—tT,
bec () =7 =\ T5 © e )

where ¥ is the amplitude of the head-velocity step.
Thus, the cumulative eye position is given by

=~ KV [T YT,

1)=_27 “ 2 8
feclt) Ta—Tz(e —e > ©)
The cumulative eye position reaches its maximum

value (and the slow-phase eye velocity goes through
zero) for
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_ _ Tu TZ ﬂ
t=timax= To—T5 In T, (9)
From equations 8 and 9,
T,
_ RV (T\ToTsf, T:
aec(tmax)’—Ta—_E<T—2> (1 Ta) (10)

The ‘model in figure 9 can be improved further
by making it able to explain some additional find-
ings reported in the clinical literature on vestibular
nystagmus.

First of all, it is a common experience in postrota-
tional tests that the secondary nystagmus is elicited
only if a sufficiently large step change in angular
velocity is produced.

Secondly, several clinicians (refs. 28 and 29),
who are accustomed to considering the total angu-
lar displacement in postrotational nystagmus as an
index of the vestibulo-ocular system behavior, re-
port that there is frequently a remarkable difference
(something like 20 to 30 percent) between total eye
displacement in primary and secondary nystagmus.
This means that the cumulative eye position in re-
sponse to a velocity step input should follow a curve
like that shown in figure 11, with a nonzero final
value of fy. In terms of slow-phase eye velocity, this
also means that area I in figure 11 should be greater
than area II.

Finally, a short tertiary nystagmus in the same
direction as the primary nystagmus has been some-
times observed (ref. 30).

At the moment, there is no model that can
predict all these findings. In particular, the model
in figure 9 predicts that a secondary nystagmus will
always follow a primary nystagmus. The final value
fec( 0 ) computed from equation 8 is zero. Finally,
no tertiary nystagmus can be predicted, since the
signal x* (¢) +-y(¢) cannot change its sign twice.

It will be shown in the next section that a little
modification of the model in figure 9 will make it
capable of also predicting these interesting aspects
of human-subject responses to postrotational stim-
uli.

THIRD-APPROXIMATION MODEL

The third-approximation model is shown in figure
12. It has been obtained from the model in figure
9 simply by transforming the perfect integrator in
the saccadic pathway into an integrator with leak.

/S(ow Phase eye velocity

Cumulative eye
/_ position

S TR Sy

Ficure 11.—Cumulative eye position and slow-phase eye
velocity for a step change in head angular velocity.

The input-output transfer function G(s) of this
new integrator with leak is given by

6 =17,

where u2=1/7y, Ts=1/Ksy, and v is the leak factor.

It is assumed that the time constant T of the
integrator with leak in the saccadic pathway is
greater than the adaptation time constant T, defined
in the preceding scction.

The unit impulse response g(¢) of the integrator
with leak is obtained by taking the inverse Laplace
transform of G(s) ; that is,

g(t) =Kee 6"
Due to the large value of T, the first part of the
response does not differ too much from a step
function of amplitude Ks.

Consider the response of the model in figure 12
to a step velocity input (fig. 13). During the pri-
mary nystagmus the leak of the saccadic integrator
does not greatly influence the model response; a
small increase in the maximum value of the cumula-
tive output may be produced by this leak. The time
at which the maximum is reached will still be given
by equation 9.

To simplify the analysis of the remaining part of
the model response, let us assume that x*(z) and
—y*(¢) have the same value for t=tmax,I and let
this value be denoted by #%cc(tmax). Also let Ko
be equal to 1.

Then,

¥ In the model of figure 12, the maximum value that
2% (tmax) +¥* (tmax) can assume depends on the values of
Ko,Ks, and a. For Ko=Ks=1, this value cannot exceed a.
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Ficure 12.—Third-approximation model.
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Ficure 13.—Qualitative response of the third-approximation
model to a velocity step input.

eer(t) = 0*ec ( tmax)

[0

for ¢t>tmax and fer(2) <K5'

The maximum of the function in equation 11
for t>tmax is given by

Ta
max Hcr(t) :0*0(-(tnmx) < ;:: > T < 1‘“%)
(12)
Substituting 8=~§T“(0<5<1) in equation 12,
max geru) =ll(8) 6*ec(tmax) (13)
where
&
1=5

h(8)=(1—38) &

For a given value of 8, it follows from equation
13 that, for ¢>tmax, max 6e,(t) is proportional to
6% ec(tmax), which in turn is proportional to the
amplitude of the step velocity input, for given
values of T and T.

Thus, for small step inputs, it can result that

max fer(2) <£

3

and no secondary nystagmus will appear.
Larger inputs will give

(14)

max 0er(t) > I‘(xs

and a secondary nystagmus will appear in the
model output as shown in figure 13, where for
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generality it has been assumed that x*(fmax)7=
_y* (tmax) .

Assume that equation 14 is satisfied and a secon-
dary nystagmus exists. Then the cumulative output
will follow the dashed curve shown in figure 13B.
A nonzero final value f, is produced by the leak of
the integrator in the saccadic pathway in the period
of time which follows the end of the primary
nystagmus. The whole leak can be expressed as the
sum of the leaks during the latency period and
during each slow component of the secondary
nystagmus. Due to the short duration of such
intervals with respect to the time constant Ts, it
can be reasonably assumed that y*(¢) decays step-
wise linearly, as shown in figure 13A. The slope
pi of the ith linear portion of y*(¢) is given by

—_yr(wr)
Pi Ts
where y* (&) denotes the values of y*(¢) at the
beginning &% of the ith portion. Thus p; increases
during the primary nystagmus and decreases during
the secondary nystagmus.

Figure 14 illustrates in a qualitative way how the
third-approximation model can predict a tertiary
nystagmus. Actually, if Ts is greater than T., but
not by much, and the amplitude of the step velocity
input is large enough, it can happen that the signal
x*(¢) +y*(t) changes its sign twice. The last
change is due to the fact that x*(z) decays ex-
ponentially, while y*(¢) decays stepwise linearly.

CONCLUSION

The evolution of a mathematical model of the
vestibulo-ocular system in an attempt to match

Secondary Tertiary ____
nystagmus nystagmus

Ficure 14.—Possible origin of a tertiary nystagmus.

more and more experimental data has been pre-
sented, mainly in a qualitative way. The final model
seems to explain same peculiarities of the nystagmus
patterns and to predict adaptation, secondary
nystagmus, and some other interesting aspects of
human subjects’ responses to postrotational stimuli.

Much more work is needed to confirm experimen-
tally and theoretically the validity of the proposed
model. However, even at this stage of its develop-
ment, the model can suggest some interesting ex-
periments and guide in the interpretation of their
results. A large program is being executed to deter-
mine quantitatively the model parameters and to
establish more precisely to what extent the model
can predict average responses of normal subjects
to angular rotation in a horizontal plane.

If the validity of the model is confirmed, it will
be interesting to establish on a quantitative basis
what the errors are that occur when one derives the
values of the canal long time constant and adapta-
tion time constant from the curves of the slow-phase
eye velocity or cumulative eye position in postrota-
tional nystagmus, using fitting procedures, without
taking into account the effect of the leak of the
saccadic integrator.
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Use of Steinhausen’s Model for Describing
Periodic Coriolis Star Nystagmus

MaAxiMO VALENTINUZZI
Chicago College of Osteopathic Medicine

SUMMARY

Phase lag, maximal slow-phase velocity, and beat frequency were measured in periodic Coriolis
star nystagmus. The results have been described by Steinhausen’s model of the semicircular canal
system. Estimates of the biophysical constants have been obtained. It is concluded that this model
is a good functional approximation for describing, and also for interpreting, the behavior of the

system.

INTRODUCTION

A sinusoidal Coriolis acceleration produced by
combining two rotations can be used to stimulate
the horizontal and the vertical semicircular canals

simultaneously. The input received by each type of'

canal corresponds to a sine and a cosine function,
respectively. The oculomotor response to this type
of acceleration in the cat has been previously de-
scribed and termed periodic Coriolis star nystagmus
(ref. 1). It results from the composition of two
periodic ocular displacements, perpendicular one to
the other. The tip of the radius along which the
center of the eye moves describes a locus that is, in
general, an ellipse.

We have measured the phase lag, ¢, between ac-
celeratory input and nystagmic output; the maximal
slow-phase velocity, Amax; and the nystagmic fre-
quency, f, in electronystagmograms from cats. The
instrumental setup, material, and procedures used
are described in references 1 and 2. The purposes
of the present report are to summarize the experi-
mental results and to show the usefulness of Stein-
hausen’s model for describing, as well as for inter-
preting, these results.

EXPERIMENTAL RESULTS

Phase Lag

Figure 1 shows a portion of an electronystagmo-
gram and the way in which the angle ¢ was mea-
sured. Figure 2 contains the pooled values of the
average of o and ¢1so obtained from several nor-
mal cats, using different directions of rotation. The
lag is larger in the horizontal canals than in the
vertical canals.

A series of experiments was performed using os-
cillations about the vertical axis (animal in ventral
position) and about the binaural axis (animal in
lateral position) in order to get independent re-
sponses from each type of semicircular canal. The

phase lag was the same in both types of canals. The

same cat was later subjected to oscillating Coriolis
acceleration to produce periodic Coriolis star nys-
tagmus, and values of w; were calculated for w.=
27rv (v={requency of the previously applied oscil-
lation). The phase lag was different for the horizon-
tal and vertical canals (fig. 3). In unilabyrinthec-
tomized cats the lag behaved fundamentally as in
the normal cats.

251
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Ficure 1.—Measurement of phase lag in nystagmic Coriolis reaction in normal cat with implanted
electrodes. A, C: direct recording. B, D: derivative recording (both phases). Stimulus: CW rotation
at 80°/s about z axis; CW rotation at 20°/s about x axis. Duration of recording: 1 cycle about x
axis. Horizontal leads: ¢y=50°; ¢,50=48°. Vertical leads: go=100°; ¢;50=145°. In vertical
leads, 90° has to be subtracted from ¢ to refer the lag to cosine. (from ref. 2)
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Ficure 3.—Separate stimulation of the horizontal and vertical canals of normal cats by a swing
(left): The phase lag is the same for both types of canals. Simultaneous stimulation of the hori-
zontal and the vertical canals by oscillating Coriolis acceleration (right): The phase lag is different
for each type of canal. The individual values are contained in the shaded areas. Each individual
value is the average of five to ten phase angles. The swing frequency, v, has been transformed
into w by w=2xv. (from ref. 2)
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The phase lag as a function of the horizontal
rotation was later reconstructed as shown in figure
4. Finally, ¢ was expressed as a function of the
normalized frequency, wy, which is indicated in
figure 5.

Maximal Slow-Phase Velocity and Frequency
of Nystagmus

As shown in figure 1, there are two inversions in
the direction of nystagmus for each cycle (360°
rotation about:the horizontal axis) in the horizontal
and the vertical oculomotor output. The maximal
amplitude Amax, the number of nystagmic beats n
between inversions, and the temporal separation ¢
of the inversions were measured. From these data
the average jerk frequency f=n/t, the average
duration of the jerk 7=t/n=1/f, and the maximal
slow-phase velocity Amax=Amax/T were estimated.
The duration of the fast phase was neglected because
it is small (0.1 to 0.2 s). The results of both cycle
halves were averaged. Figures 6 and 7 contain the
values of Amax and f for increasing w.. Their varia-
tion is linear with respect to w..

In figures 8 and 9 the influence of the horizontal
rotation, @, in normal cats is illustrated. Figure 10
refers to cats with only one labyrinth. The values of

100

90 | ¢"-ton"l3wx

-

80

_ -
- -lg
=
70 . 7 Py=tan 6w,
€0

30

¢ in degrees

40

30

20

o 10 20 30 40 S50 60 70 80 90 100

wy in deg/sec

FicURE 4.—Values of ¢ obtained from ¢p=tan—1 wxT; (eq.
3) using T as given in table 1 for horizontal and vertical
canals in normal cats (¢) and in unilabyrinthectomized
cats (¢’). Compare these curves with those of figure 2.
(from ref. 2)

Amax and f show a trend to increase for w: between
0°/s and 20°/s and to be constant beyond 20°/s.

Figure 11 shows the influence of both rotations
on the slow-phase velocity and the nystagmic fre-
quency.

APPLICATION OF STEINHAUSEN’S MODEL

The differential equation of Steinhausen’s model
(refs. 3 and 4) with a sinusoidal driving stimulus
yields the cupular deflection B(¢) as a sine function
for the horizontal canals and as a cosine function
for the vertical canals (ref. 2):

B(2) =
sin (wzt—du)
(horizontal canals)

(1)

sin & cos (wat—dv)
(vertical canals)

4wz
V (A/0—w:?)? + (TTw./0)?

where II=endolymph viscosity, ®=moment of in-
ertia of the endolymph ring, A =elasticity of the
cupula-crista structure, a=angle between the ver-
tical canal and the frontal plane of the skull, and
¢=phase lag. The transient period (complementary
solution) is omitted because it is short.

The phase lag ¢ between Coriolis input and cupu-
lar deflection (and therefore nystagmic oculomotor
response) is obtained from

(II/0) w-
(N/0)—ws?

for both types of semicircular canals. This equation
shows that ¢ varies only with w;. The pattern con-

(2)

¢=—tan™!

tained in figure 2 agrees with this prediction.
By applying the procedure used by other re-
searchers (refs. 5 to 7), II/A and I1/® can be esti-

mated, so that the time constants are

I tan ¢
T1—K~——wz (3)
for w,2<< A/0; and
0 1
Tz——l—Twa tan ¢ (4)

for w2 >A/0.

Furthermore,
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Ficure 5.—Phase lag, ¢, versus normalized frequency, wu=uwx/wn (equation 7) for normal cats.
Solid lines: vertical canals (y=1.6) and horizontal canals (¢=10) in simultaneous stimulation
(table 1); both types of canal ({=6.0) in separate stimulation. Dashed lines correspond to aver-
aged experimental values of ¢ with wx®/s transformed into wx rad/s and represented as logio
wy using wn of table 1. The experimental value ¢=061° for wu=I1 in the vertical-canals curve
was inadvertently omitted from the figure. The swing curve is based on figure 3. An average
Ti=I1/A==7 seconds was estimated from the pairs wx=>5°/s, $=30°; and wx=25°/s, $=72°,
using equation 3. With that value and wn2=(1.65)2=2.72, 11/0 was estimated as 19 s, and
therefore To~=0.05 s and {=6.0. Each experimental value is based on the measurement of 10
phase angles. (from ref. 2)
and Figure 5 shows curves obtained with equation 7

The application of these estimate procedures to
our experimental results gave the values contained
in table 1.

The normalized frequency, wy=w:/wn, and the
damping factor, {, were introduced in equation 2

(ref. 6 and 8), so that

, 2lw,

=—tan—
d) ]._wuz

(7)

using logie @u. For separate stimulation of the two
types of canals the curves are practically the same.
Since {n7{v when the stimulation is simultaneous,
the diagram gives two curves. The experimental
values follow the calculated curves fairly well.

Now consider the behavior of the slow-phase
velocity. From equation 1 we get the maximal
cupular deflection when sine and cosine are equal
to one:

4wwy

B =60 2 (wa/®)?

(8)
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TaBLE 1.—Estimated Values of _1:1_, E, 2, _A_, wn and § (from ref. 2)
A0 II ©

Sen;c;z:lar —IAL:T1(S) —IOL (s—1) TGI—:T2(S) % (s—2) | wn= \/%— (rad/s) | ¢=
Two 1.6
laby- 13.0 33.2 0.03 2.5 (~=91°/s)
rinths (==0.25 Hz)

Horizontal
One
labyrinth 6.0 16.6 0.06 2.7 1.6
Two 1.7
laby- 2.0 5.7 0.17 2.8 (~=97°/s)
rinths (==0.26 Hz)
Vertical
One
labyrinth 1.8 54 0.18 3.0 1.7
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Ficure 11.—Effects on normal cat of horizontal and vertical rotations. A: Amaz for increasing w,
and wx (pooled values). B: Amax and { for constant product wywx.

This expression holds for the horizontal canals and
is valid for the vertical canals after multiplication
by sin a.

The assumption that the slow-phase velocity of
the eye nystagmic displacement is proportional to
the deflection of the cupula (ref. 6) may be ex-
pressed by

P(1)=aB (1)
where [a]=s""!and [B(¢)]=rad.

The maximal value, ll/max, is obtained from equa-
tions 8 and 9. The result predicts that lifmax varies
linearly with . for constant w;. When . remains
constant, lilmax varies with @w; in a more compli-
cated way. Our experimental information fits these
predictions.

(9)

In order to plot Yimax against wz, the denominator
of equation 8 was transformed into the form

(x*t+ax+B) =(x+96) (x+§)

with w.2=X. This gave

(10)

a=(£+8) = [(%)—2% (11)

e (3

A family of curves is produced by varying ..
They can be framed by three tangents. The corner
values are

and

(12)

wc' =& (13)

and

W' =8 (14)

Figure 12 shows some curves obtained in this way.
Experimental values have been added.

The nystagmic frequency, f, has been treated as
follows. If the duration of a nystagmic response to
an impulse, step, or oscillating acceleration is
divided into equal intervals, and if the jerk fre-
quency for each interval is measured, the values
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Ficure 12.—Graph of equation 9 (with eqs. 8 and 10) as a function of wx for four values (levels)
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framed by three tangents whose intersections correspond to the corner values VE V3 (egs. 13
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a': from figure 11 (B, HC), with k=0.0025. b: diagram for w,=20, 40, 80°/s and wx=20, 40,
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appear distributed as though they followed the de-
flection of the cupula (fig. 13). Let f(¢) express the
frequency as a function of time. On the basis of the
above observation, it seems plausible to formulate
a proportionality between f(t) and B(z); that is,

f(t)=bB(¢) (15)

From equation 9,

() =) =€ (16)

The mean frequency, ?, was estimated in the
electronystagmograms. It differs from fmax by the
factor 0.62. This relationship derives from integrat-
ing equation 16 between 0 and 7/4 and dividing
by T/4, where T is the period of the acceleratory
oscillation.

Ficure 13.—Distribution of nystagmic frequency values in
beats per second from several nyastagmograms. A-Impulse
stimulation. Circles: frequency { within 2-second inter-
vals. The lines bB(t) illustrate the theoretical behavior
of the nystagmic frequency according to equation 15 for
an impulse acceleration of two different intensities. B—
Step stimulation. Circles and lines as in A. The input
ends at t=14 s; from this moment on the recovery move-
ment of the cupula takes place. In A and B the time
constants of the horizontal canal (T1=13 s; T2e=0.03 s)
have been used for Bi'(t) and B2’(t). To cover the circle
better, B(t) was calculated with Ti=5 s and Te=0.3 s.
C-—Sinusoidal stimulation. Circles: frequency f within
every eighth of a half cycle. The lines represent theoreti-
cal frequencies as proportional to sin 6 and 2 sin 8; that
is, to two different oscillaton amplitudes (egs. 1 and 15).
The pattern of the f values in A, B, and C suggests a pro-
portionality relationship between f(t) and B (t) (eq. 15).
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from figure 11 (A, VC), with k=0.01. c: from figure 9 (80-82 VC), with k=0.01. d: from figure 9
(40-42 VC), with k=0.01. e: from figure 8 (VC), with k=0.02. In equation 9 the constant a=
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DISCUSSION

Steinhausen’s model is useful for describing as
well as for interpreting periodic Coriolis star nys-
tagmus. Since this oculomotor output is given by
a system of canals (two horizontal and four vertical
canals), the model does not refer to just one of them,
but it represents an idealized system functionally
equivalent to the real system. Here we use a concept
defined by Lorente de N6 and Berens (ref. 9):
“For all practical purposes it may be assumed that
there is in the head a single ideal canal always
placed in the plane of rotation.”

This model is a first approach. It does not cover
other features of the entire labyrinthine system.
Nonlinearities may exist, and changes due to adap-
tation and habituation appear. The contribution of
other incoming signals, for example otolith signals,
is overlooked.

CONCLUSIONS

1. The biomechanical model originated by Stein-
hausen is useful, as an approximation, for describ-
ing and also for interpreting the periodic Coriolis
star nystagmus.

2. This model, as applied to periodic Coriolis
star nystagmus, permits an estimate of the biophys-
ical characteristics of the canal-endolymph-cupula-
crista system.

3. The plot of the phase angle against the loga-
rithm of the horizontal rotation, as referred to the
natural frequency, gives a comprehensive under-
standing of the labyrinthine system.

4. The behavior of the maximal slow-phase ve-
locity and frequency of nystagmus fits the condi-
tions of Steinhausen’s model.
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Use of Lorente de N6’s Neuron Circuit Model for
Describing Acceleratory Nystagmus

MaxiMo VALENTINUZZI
Chicago College of Osteopathic Medicine

SUMMARY

Results of a previous metric analysis and an electronic simulation of acceleratory nystagmus
are given. On this basis, a tentative mathematical model for describing acccleratory nystagmus is
reported. The essential content of the model is Lorente de Né’s neuron circuit, to which the two-

factor theory of excitation has been applied.

INTRODUCTION

As is well known, the oculomotor apparatus (eye
globe, extraocular muscles, orbit) yields either a
periodic or a pseudoperiodic output when the semi-
circular canals are stimulated by an angular ac-
celeration. Such a response is formed by a sequence
of jerks (beats), each having a slow phase and a
fast phase (fig. 1). Our purpose has been to simu-
late by an electronic model and to describe by a
mathematical model this type of biomechanical
output.

In order to obtain precise empirical numerical
information about the characteristics of accelera-
tory nystagmus, corresponding to impulse angular
accelerations, a series of electronystagmograms

from cats was measured point by point (ref. 1).
The quantitative behavior of the amplitude, the
duration of the slow phase and the fast phase, and
the value of the time constant of both phases were
determined.

Summarizing these results, we can say that the
envelope of the beat amplitudes follows an expo-
nential pattern and that both phases of the beat
correspond also to exponential curves, whose time
constants show variations that are somehow erratic.
The beat duration (both phases taken together)
increases exponentially (table 1; figs. 2 to 5).

TaBLE 1.—Values of Duration of Slow Phase, 7i;
Time of Beat Occurrence, ti; and Amplitude, A;
(from an electronystagmogram similar to that of
fig. 1, as measured by Santos and Pascual)*

BLU{U AR

s ]

Ficure 1.—Horizontal electronystagmogram. Normal cat sub-
jected to an impulse angular acceleration perpendicular to
the horizontal semicircular canals (©=220°]s%). Note
sequence of jerks (beats), each having a slow phase and a
fast phase. (from ref. 1)

Beat No. ri(s) ti(s) Ai(mm)
III — 1.5 18.5
v 0.7 2.2 175
v 0.9 3.1 16.0
VI 0.9 4.0 14.2
VII 0.9 4.9 16.5
VIII 1.0 5.9 12.2
IX 1.1 7.0 10.0
X 1.6 8.6 8.5

* Actually 7i includes fast-phase duration, ¢i, which is
small (0.1 to 0.2 s). (See fig. 2.)
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FiGurRe 2.—Reconstruction of a portion of a nystagmogram
normalized relative to the baseline (from table 1). The
phases are approximate. The original recording was simi-
lar to figure 1.
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Beats

Ficure 3.—Time of occurrence of beats. The experimental
values (circles) have been approximated by the geometric
progression term t;=13"—1 where i=1, 2, 3, ..., 10
(solid line). The dashed line corresponds to the values of
ti as given in table 2.

In the present paper the following basic notation
is used (other symbols are introduced in the text):

L nystagmogram time, with origin 0

L value of nystagmogram time at which beat
number [ ends (beat occurrence time)

v beat time, variable of the slow and fast
phases, with origin 0’ or 0”

Ti duration of slow phase of beat number i,
with origin 0/

o duration of fast phase of beat number i,
with origin 0”

A; maximal amplitude of recorded beat num-
ber i

VA maximal eye deviation of beat number i

in sec

T.
3

02

Ficure 4.—Plot of i versus t; (from table 1). The scattered
values (between dashed lines) have been approximated by
7;=0.6€%-1t; (solid line). The dotted line has been obtained
from the solid line by subtracting ¢=0.2 s.

Aj in mm

Ficure 5.—Plot of Ai versus ti (from table 1). The experi-
mental wvalues (circles) have been approximated by
A;=2le—01t (solid line). Notice that the amplitude
decline has a time constant of the same order of magnitude
as the cupular recover (A/117=0.1 s/.
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NEURON CIRCUIT MODEL

Lorente de N6 proposed in 132 (ref. 2) the neu-
ron circuit indicated in figure 6 (fs, i1) to explain
qualitatively the generation of ocular nystagmus.
This neuron circuit is assumed to exist in the me-
dullar reticular formation. Spiegel and Sommer
(ref. 3) expanded on this theory, considering sev-
eral different nervous structures which may be
involved in the rhythmic response. The fundamental
concept is that of the reciprocal excitation-inhibi-
tion process.

We have taken Lorente de N6’s neuron circuit as
a starting point for designing the neuron network
of figure 6 to describe the behavior of the system
formed by the semicircular canals, the nervous
pathways and nuclei, and the oculomotor apparatus
when an angular acceleration is applied to the
canals.

ELECTRONIC SIMULATION*

The simulation of the semicircular system was
based on the following equation (refs. 1 and 4):

OB () +11B(¢) +ASB(e)dt=0a (1)

where 0 is the moment of inertia of the endolymph
ring, II is the endolymph friction coefficient, A is
the elasticity coefficient of the cupula-crista struc-
ture, B(¢) is the deflection of the cupula, and « is
the angular velocity. This is Steinhausen’s equation
(ref. 5) subjected to one integration. Comparing
equation 1 to the well-known electrical equation
(refs. 6 and 7),

Li+Ri+ %fidz:e (2)
yields the equivalences @=L (self-induction coef-

ficient), II=R (electrical resistance), A=1/C (re-

ciprocal of capacitance), B(¢) =i(t) (electrical cur-
rent), and a=e (voltage), which form the basis
of the electronic simulation (fig. 7).

The central nervous part in figure 6 was simulated
by the transistor setup of figure 8. Each pathway
represents a complex fascicular structure with a

* The content of this section is the result of a cooperative
work with Professors Jorge Santos and Manuel Pascual,
Universidad Nacional del Sur, Depto. de Electrotecnia,
Bahia Blanca, Argentina (refs. 1 and 4).

ScC

Ficure 6.—Neuron circuit model. SCC, semicircular canal;
SG, scarpa ganglion; VN, vestibular nuclei; MRF, mesen-
cephalic and pentine reticular formation; MN, motor
nuclei; 1, facilitatory pathway; i, inhibitory pathway; m,
muscle (from ref. 1). Neurons i, {5 are assumed to have
high threshold. Neurons {3, i1 correspond to Lorente de
N&’s loop.
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(VELOCITY)

CANAL-CUPULA-CRISTA
SYSTEM

ceaPrent commcace————————

Ficure 7.—Simulation of the canal-cupula-crista system ac-
cording to the mechanoelectrical analogies given in the
text (from ref. 1). L: Self-induction coefficient. C: capaci-
tance. A: Elasticity coefficient of cupula-crista structure.
R: Electrical resistance. 11: Endolymph friction coefficient.
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—18

a8 188

Ficure 8.—Simulation of an afferent fasciculum. R and C
determine the time constant of the recruiting process; QlI,
Q2, and Q3 are 2N4059 transistors to amplify power. (from
ref. 1)

certain recruiting-process time constant. The sequen-
tial facilitation may be gradual or abrupt. If
abrupt, the facilitation occurs when a certain
threshold is reached (which corresponds to the in-
hibitory pathway i and the facilitatory pathway
fs of fig. 6). The time constant of the recruiting
process is determined by the values of R and C in
figure 8. Strong facilitation is obtained by inverting
the Q output waveform (fig. 9).

The oculomotor system was simulated by the
circuit of figure 10. R, L, and C produce a transfer
function of the type determined in reference 8. The
torque exerted on the globe follows linearly the
nervous excitation. Voltages appearing across the
capacitor are equivalent to eye angular displace-
ment.

Figure 11 shows a recording of a response of the

—18

+18

Ticure 9.—Simulation of the mechanism of abrupt inhibi-
tion. Strong facilitation is obtained by inverting the Q6
output waveform. Transistor Q4 provides power gain (com-
pensation for loss in R). Q5 is an inverting transistor,
with feedback between Q5 and Q6. (from ref. 1)

L/2 R/2

L/2 R/2

Ficure 10.—Simulation of the oculomotor output. R, L, and
C produce a transfer function of the type determined by
Robinson (ref. 8). Voltage corresponds to torque; velocity
corresponds to electrical current. Voltage from the capaci-
tor corresponds to eye deviation. (from ref. 1)

Fieure 11.—Simulated nystagmogram (response of simula-
tor to impulse input). The time constants of the beats are
invariable. (from ref. 1)

simulator to an impulse input (equivalent to an
impulse angular acceleration). The exponential
decline of the beat amplitudes (whose envelope
corresponds to the curve of cupular recovery), the
lengthening of the duration of the slow phase, and
the overshooting relative to the baseline are well
reproduced. Step and sine inputs have not been
tried.

The results obtained are encouraging. Of course,
similar patterns do not imply similar mechanisms.
However, these results serve as a guide in elaborat-
ing a mathematical model that gives a phenomen-
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ological description of the system and some general
insight into its biodynamics.

MATHEMATICAL MODEL*

Differential Equations and Their Solutions

We have outlined a mathematical description of
the operation of the neuron network (fi, f2, fs, 1)
contained in figure 6. For the pair (fi, f2) the
sequential excitation is formulated by the differential
equations

d—fil(*t):A/lB(t)—Bflfl(t) (3)
t

and
M:A/‘.’fl(l)_Bsz.(l) (4)
dt

These and the following equations are based on
Rashevsky’s theory of excitation (ref. 9). Neuron
f1 is stimulated by the crista receptors (hair cells),
which are activated by the deflection of the cupula.
With the simplifying assumptions that the con-
stants in equations 3 and 4 are equal (An=Bn=
As=Br;) and that the excitation in f; is linearly
related to the deflection 8(¢) of the cupula, equation
4 becomes

VD pr (Bt )

oty =p o) (1— ‘Bf‘”) (6)

The behavior of the excitation f2(¢) is determined
by B(t). Neuron fs is considered as the source of

interrupted step inputs acting on neuron fs. The
interruptions originate in the inhibitory neuron i1,
which becomes excited by fs when this reaches the
threshold of i;. Therefore, each nystagmic beat is
produced by a step function, E, received from f2 by
fs (fig. 12). Designating the nystagmic beats by
i=1, I, II1,...,N (order of their occurrence as time
¢ elapses from O to the end of the response), we
write

Ei=fo(ti—0o) (7)

E; becomes stopped when the slow phase ends; that
is, for fo (7:). Using the beat time, ', we put

*The fundamental ideas contained in this section are the
result of a cooperative work with Dr. Michael A. Fox, begun
in 1967 at the University of Chicago.

Eix=fo(¢) for 0'<s'<(1i—9)

(8)
= _ r<o
E=0 for U2

with 6—>-0.

Actually equation 8 implies reversal of the step
function (eq. 7); in other words, neuron f; re-
ceives two successive opposite step inputs (or a
square wave).

For the pair (/fs,i1) we have
ajs(1)

4 =ApE—Bysfs (1) 9)
and
di; (t') _
L =0 (10)
for O/ <¢'<(7—9), with §—=0. Therefore,
A E
o) = (1 ) (11)
and
i1(t’) =constant (or eventually zero) (12)

Neuron i is in the resting state during 0" < ¢’ <
7. It has a threshold, ki and the excitation of f3
attains this threshold at ¥ =7, so that when

fs(Ti) =hi (13)

neuron i; fires and iohibits fs. This inhibition goes
on until the fast phase ends, as ¢ runs from 0” to
i (for t/>7i).

As soon as f3 becomes inhibited, its own decline
starts according to

fa(t') =hie Bt for ¢ >07 (14)

The excitation in 7; (inhibitory action) is de-

scribed by

dll'l)
S dr

B (1) (15)

for t’ > 0”. The input originated in neuron f3 (eq.
13) acts on neuron i; during a very short time, £<
o, and it is equivalent to an impulse, the area of
which is I=hu &, This impulse raises the state of
from its resting-state level quasi-instantaneously to
an excitation level of value f3(7) =hit (eq. 13);
that is, exactly to the threshold level of neuron i,
and not above it, because at that instant neuron f;
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Ficure 12.—Composition of beat curve. E, input determining slow phase f5(t'); hiy, threshold of
inhibitory pathway, corresponding to maximal eye deviation; f3(t')(dashed line), spontaneous
decay of excitation; i1(t'), inhibitory action; f(t'), fast phase. The intersection {3(c)=ii(s)
determines the duration of the fast phase (¢< 0.2 s). This figure corresponds to beat i=IX of

figure 13.

becomes inhibited by i;. From then on the excita-
tion state of {; decays exponentially; i.e.,

i(¢') = Aishne ™ 21" (16)
for #>7;=0”. In addition, equation 16 has to be
shifted upward by hi (fig. 12) so that

11(¢") =hiy—hiydire B (17)
Since equation 17 must be zero at ¢/=7,=0", Ai
turns out to be unity. For £, equation 17 tends

to hiy (fig. 12). For £>0”, the negative effect.

described by
i1(¢) =hi ( 1—e~Ba¥ ) (18)

has to be added to the spontaneous decay of neuron
fs as given by equation 14. Therefore the output of
the neuron circuit (fs,i1) results, for #>0”, as the
difference between equations 14 and 18:

H(¢) =his [e—stt'—( 1—e=Bu? )] (19)

The neuron activity can be thought of as given in
voltage or impulse frequency (refs. 9 to 11).

Duration of the Slow Phase and the Fast Phase

The duration of the slow phase, 7, is a function
of the intensity of excitation E; in neuron f, and of
the threshold Ai;. An approximate expression for 7;
can be obtained as follows. Take equation 11 at
t’:Ti:

folr) =hu="0E (1—e=Bpr)  (20)
13

_Bf3 . _B.fsh"x

e =1 m (21)
Since 7; is usually small,

. —~ _Bf3hi1
1—Brsric=1 ok (22)
~_hn 23
T (23)

From equations 6 and 8,
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ha
Ti= 4B (t—0)

In other words, the duration of the slow phase in-
creases with increasing values of the threshold hiy
and decreases as the deflection of the cupula, B(?),
increases; and vice versa. Consider, as an example,
the return of the cupula to its resting position after
an impulse angular acceleration; that is,

(24)

B(tr‘O’iZIBDe“““i"Ti) (25)
Then
TigA],l;zgo eat;—op (26)

This is the behavior of =;(i=1, II, IIL,...,N) experi-
mentally observed (figs. 1 and 2). The result (eq.
26) would be different in the case of step or sine
angular acceleration.

The nystagmic beat is completed for ¢'=0, with
f(¢)=0. In consequence, from equation 19,

e_st‘Ti;‘( l_e_Bi1”i> (27)
Since o7 is quite small (0;<0.2 s), we write
e Broi ~1—Br1307; (28)
Bi1+B/3~i (29)
(o}

Equation 29 gives a rough estimate of the order of
magnitude of the time constant of the fast phase.
We may formulate an approximate description of
the fast phase equivalent to equation 19; i.e.,

J&)~hise™ PP = he - (30)

12

for />

The time #; corresponding to a given beat i can
be expressed as follows:

V=i v=1
L= 21, + 20 (31)
v=1 v=1

If o is approximately constant, then

v=i
ti~~io+ 37, (32)
v=1

With geometric terms, so that r=7;/7i—1, we get
the approximations

Ti%TU‘i_l (33)
and
i
timicr 7y (34)
r—1

Actually o; varies as 7; changes. Koike (ref. 12)
has found a strong positive correlation between T;
and 0.

Behavior of the Maximal Amplitude of the Beats

The amplitude of the beat, 4:(¢'), corresponds to
the eye deviation, ¥i(¢'). The maximal amplitude,
A;i(7i), expresses maximal eye deviation, ¥i(Ti).
The eye deviation follows the excitation and the
inhibition of the neuron network of figure 6. From
equations 6, 11, 13, 19, and 30, we write, using
conversion factors G (gain),

A/3,3 (ti——()'i )
Bis

( 1—e "3;3"> (35)

for 0'<¢' <7y

Ai(¢) =Gui{t’) =G5

A(8) =G () ~Grhne  © 30

for ¢'>7i; and

A7) =Co(r) =G g Blt—o)  (37)

In the case of equation 25, A;(7:) declines ex-
ponentially, as found in experiments. In general,
the maximal eye deflections in a nystagmic response
follow the deflection of the cupula. Equation 37
implies that the threshold of the excitatory path-
way, i1, varies as the deflection of the cupula, a
point which demands more critical thinking.

DESCRIPTION OF NYSTAGMOGRAM IN
TERMS OF THE SUCCESSION ORDER OF
THE BEATS: NUMERICAL ILLUSTRATION

For describing a complete nystagmic response,
equations 35 to 37 have to be applied to each beat
of the sequence. The beat time intervals and the
maximal eye deflection depend upon the succession
order, i, of the beat.

Let us choose a response to an impulse angular
acceleration in the cat. Using the well-known equa-
tion (ref. 13)
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B(1) =y9( e T —e ° ) (38)

where 7y is the initial angular velocity, ® is the
moment of inertia of the endolymph ring, and 7
is the friction coefficient of the endolymph, the
envelope of the maximal nystagmic amplitudes 4;
can be calculated.

Suppose that an angular acceleration ®=250°/s?
is applied during time =0.6 s. Then y=wt=150°/
s. Using this value along with ©/7=0.03 s and
A/7m=0.1 s for the horizontal canal (ref. 14),
equation 38 becomes

B(t) =4.5(e01t—e33t) © (39)
Referred to beat order, it is
Bi(tr—0r1) =4.5[ =160 —e-33(t-0) 0 (40)

For advanced i (& long enough), the second ex-
ponential term can be neglected, so that

—0.1 (¢;—0;)

Bi(t—o) =4.5e degrees (41)

We choose arbitrarily Gl{,\:l, this factor being non-
essential for the purpose of the illustration. From
equation 37,

AiZ%%Q#Bm—m) (42)
13

On the basis of equations 41 and 42 and table 2, we
get

4 o

Bi Bgs
The values of ¢ in table 2 have been used to cal-
culate the decreasing y; of figure 13. For practical
reasons, 07; has been taken as constant and equal to
0.2 s in the figure, but in the calculation of ¥ it
has been neglected because this does not introduce
an important error. Three initial maximal ampli-
tudes (0, 0/, 0”) were estimated with equation 40.

4.6 (43)

The slow phases have been described by equation
11. From measurements performed by Santos and
Pascual,

Bys~=3 51 (44)

The factor A;Ei, which corresponds to ¥ ()
3

(table 2), was obtained from

TaBLE 2.—Values of Ti=0.6e%*—0.2 (see fig. 4)*

Beat No. 7i(s) oils) ti(s) i (°) i (o0) (°)
0 0.08 0.01 0.09 19.0 86.3
0 0.10 0.01 0.20 20.2 77.6
0” 0.20 0.20 0.60 19.8 4.1
I 0.43 0.20 1.23 18.4 26.2
1I 0.46 0.20 1.89 17.2 23.0
111 0.49 0.20 2.58 16.0 20.5
v 0.53 0.20 3.31 15.0 18.7
\% 0.60 0.20 4.11 13.8 16.4
VI 0.69 0.20 5.00 12.6 14.3
VIiI 0.78 0.20 5.98 114 12.2
VIII 0.99 0.20 7.17 10.0 10.5
X 1.00 0.20 8.37 8.8 9.3
X 1.13 0.20 9.70 7.6 8.0

* Values of o; are arbitrarily chosen between 0 and 2. The
ti values were calculated by equation 31. yi=2le—0.1t;,
(See fig. 5.) The (%) values were obtained from equation
45.

Yim=ii( o) (1—e™%7) (45)

using ¥; and 7; from table 2.

The fast phases have been described by equation
30, where hii=ys. By trial and error, we obtained
the estimate (eq. 29)

Bis+Bii=46.5s"1 (46)
Ti1=~0.023 s (47)
If the intersection of e =3¢ and 1—e %35 (B,

obtained from eq. 46) is looked for graphically,
the result is 07i==0.045 s.

Figure 12 contains the beat i=IX of figure 13,
showing its geometrical composition.

DISCUSSION

The results obtained from the numerical analysis
of experimental recordings and the electronic simu-
lation of acceleratory nystagmus have been wuseful
for attempting a mathematical model of the me-
chanism of nystagmus. The model outlined in this
paper is essentially based on the two-factor theory
of excitation and Lorente de Né’s neuron circuit.
The model covers several characteristics of the sys-
tem behavior, although it misses some features; for
example, the overshooting of the eye displacement
at the end of the fast phase as it is observed in
motion pictures and recordings. The implication
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Ficure 13.—Point-by-point constructed nystagmogram using equations 35 to 37 (Br,=3 s—1;
Bi,=43.5 s—1; ti, 7i as given in table 2). Beats 0, 0’, and 0" are estimated as explained in the text.

Figure 1 and table 1 were used as guides.

that the threshold of the inhibitory pathway de-
pends upon the deflection of the cupula is one of
the weak points of the model. It is an advantage to
take the time order of the beat as a varizble for
the rhythmic response, from which the parameters
of the beat itself can be deduced.

For horizontal nystagmus this model has to be
thought of as functionally equivalent to the real
system corresponding to both horizontal semicir-
cular canals. If it were applied to vertical nystag-
mus, it should be assumed to be equivalent to the
system of the four vertical semicircular canals.

This model may be utilized as a first approach
for a digital computer simulation of the accelera-
tory nystagmus, with different types of inputs (im-
pulse, step, and sine inputs).

CONCLUSIONS

1. A metric analysis of experimental recordings
and an electronic simulation of acceleratory nys-
tagmus have helped to devise a tentative mathemat-
ical model of the labyrinth-oculomotor system.

2. The two-factor theory, as applied to Lorente de

Né’s neuron circuit model, gives encouraging results
for future modeling of the labyrinth-oculomotor

system.
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