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Foreword

By sponsoring research, the aerospace agencies have given a great im-
petus to investigations dealing with the vestibular organs, the semicir-
cular canals, and otolith apparatus. The reasons for their interest are
no mystery. Man, in breaking away from the Earth, is transported in
vehicles which move in three-dimensional space and generate inertial
forces that create environmental factors to which he is not accustomed
either by inheritance or experience. The vestibular organs not only are
uniquely structured to respond to angular and linear accelerative forces
but also they contain the only sensory cells whose sole, and indeed obliga-
tory, purpose is to act as transducers signaling forces acting at a distance:
the cupula-endolymph system of the canals responding to angular accelera-
tions and the cilio-macular system of otolith organs responding to linear
accelerations. The vestibular organs may be damaged by overload, respond
in curious fashion to stimulation outside their physiological response
range, or, within this range, signal appropriately for the force environ-
ment but inappropriately in terms of the object environment and visual
environment. This may result in spatial disorientation, postural and visual
“illusions,” and a wide variety of symptoms best known under the term
motion-sickness. Persons who have lost the function of the vestibular
organs do not become motion-sick, illustrating the significance of these
organs in causing disturbing effects when man is exposed to unusual
force environments.

There are particularly good reasons why NASA should be interested in
the labyrinthine organs inasmuch as the otolith apparatus is deafferented
(suppressed) in weightlessness. Exposure in a rotating environment re-
sults in unusual patterns of canalicular stimulation when a person rotates
his head out of the axis of rotation of the vehicle. It is quite appropriate,
therefore, that NASA from time to time sponsor a meeting that serves a
dual purpose in bringing together the investigators under the eyes of the
administrators.

The striking feature of this symposium was not the presentation of
facts, important though they were, but the enthusiasm of the participants.
This spirit, unfortunately, cannot be captured from a reading of the
proceedings. Nor can the proceedings reflect adequately either the great
scope of investigations now underway or the numerous problems still
awaiting investigation. Rather, the proceedings might be regarded as
a series of vignettes, usually reportorial but sometimes polemical in nature,
contributing only a limited number of restricted views of the entire
picture.

Inasmuch as all presentations were by invitation, the manuscripts remain
as submitted except for minor changes that leave unaltered the meaning
of the author. Any editorial temptation to pluck motes from the eye of a
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FOREWORD

colleague has been resisted. This also applies to the discussions which, with
one or two exceptions, were edited by the participants.

The initial stimulus for this meeting was provided by Eugene Konecci
at the time of the dedication of the vestibular laboratory at the U.S. Naval
School of Aviation Medicine. He suggested the date, place, and the em-
phasis on participation by those sponsored by aerospace agencies or in-
dustry. After Dr. Konecci moved to the Space Council, NASA implemen-
tation fell into the willing hands of Walton Jones who joins me in ac-
knowledging the help of many persons of good will and good capabilities.

ASHTON GRAYBIEL
U.S. Naval School of Aviation Medicine



Welcome

James L. Horranp
U. S. Naval Aviation Medical Center

It is appropriate, I believe, to use this
forum for making two additional comments:
first, in recognition of the splendid support
we have received from NASA, and second,
to acknowledge the farflung congenial rela-
tionships we have with other investigators
and institutions they represent.

Although we have been interested in
vestibular problems as far back as I can re-
member, it was a relatively small effort
carried on as best we could under our budget-
ary restrictions. The support we have re-
ceived from NASA ha§ made a great impact
and accounts for the increased activity and
scientific output from the vestibular labo-
ratory. I should like to take this opportunity

to acknowledge this aid and to thank the
NASA representatives here in attendance.

If a star were placed beside the names
of those here who have collaborated with
us in furthering our vestibular program, it
would be impressive although incomplete.
Some of the pioneers are here: Dr. Clark,
Dr. Mann, and Dr. Johnson. I will not at-
tempt to list the present collaborators by
name, but they constitute a wide representa-
tion from the Air Force, Army, Canadian
Defence Medical Laboratories, the British
RAF and Navy, a number of European and
Stateside universities, and industry. Speak-
ing selfishly, we gained a great deal from this
cross-fertilization, and, speaking unselfishly,
we have shown a willingness to share our
ideas, dollars, and facilities.




Opening Remarks

WartoN L. JONES

Headquarters, National Acronautics and Space Administration

Dr. Graybiel and the naval personnel at
Pensacola have been studying vestibular
physiology and disorientation problems for
over 20 years. Much of this work was di-
rected toward the aviator’s problems in mili-
tary aircraft. With this background, the
availability of a highly skilled staff, and
unique facilities with on-going related work,
it was logical for NASA to turn to Dr. Gray-
biel and ask for his assistance in the study of
vestibular problems posed by manned space
flight.

This meeting represents the fulfillment of
a need recognized by many to bring together
investigators, especially those supported by
NASA and DOD, working on the solution
of vestibular problems posed by manned
space flights. These problems appear to fall
into two categories; namely, the prevention
of vestibular disturbances in weightlessness,
and the possible need to generate artificial
gravity.

The disturbing symptoms experienced in

weightlessness require much detailed study. -

We are fortunate that the present age has
made available many new disciplines and
new techniques which may be brought to
bear on this problem. Most experts, I be-
lieve, are convinced that we will solve these
problems; but, we will not be absolutely
sure until we have conducted some experi-
ments in orbit under the weightless condi-
tion for considerable time.

The second problem arises out of the pos-
sibility that artificial gravity will be needed.
This is not the place to debate the pros and
consg of this possibility but for you to tell us
what provisions should be made if the need
eventuates. In orbiting spacecraft, a con-
stant level of artificial gravity can be pro-
vided only by the generation of centripetal
force either by rotation of the entire space-
craft or by what amounts to a human centri-
fuge. It would seem as if we must make pro-
vision for either or both if we keep in mind
the requirement for fitness aloft and the
greater requirement for fitness on a reentry.
The two mutually dependent problems re-
quiring solution are how much artificial
gravity is needed and how does one prevent
any undesirable side effects.

From the standpoint of those charged
with the responsibility of insuring that the
problems are solved, the question arises as to
how best this can be accomplished, keeping in
mind time-stress and, contrary to what
people think, dollar-stress. I am hopeful that
additional guidelines will appear out of the
deliberations of this symposium. Indeed, it
will be a disappointment if this is not the
case. Although we have a fine appreciation
of the desire and need for basic background
information, we request that the same appre-
ciation is generated for our need to furnish
specific engineering data at specific points in
time.
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Chairman: WALTON L. JONES

Headquarters, National Aeronautics and Space Administration

Cochairman: ROBERT MAYNE

Goodyear Aerospace Corporation
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Ultrastructural Studies of the Labyrinth in Squirrel Monkeys

HeinricHa H. SPoENDLIN

University of Zurich, Switzerland

All sensory epithelia of the vestibular
labyrinth show basically the same structure.
They consist of the sensory cells imbedded
in supporting cells, the nerve fibers and nerve
endings, and finally of a specific suprastruc-
ture such as the cupula and the otolithic
membrane which can be considered as a
mechanical device to transform a particular
form of energy into the stimulating mech-
anism of the sensory elements. This stim-
ulating mechanism most probably is a
sheering motion between suprastructure and
sensory epithelia producing a deviation of
the sensory hairs (Békésy 1952, Loewenstein
1955).

The ultrastructure of the vestibular sen-
sory epithelia has been studied by many
authors (Wersidll 1956, Engstrom and
Wersdll 1958, Bairati 1960, Friedmann
1963, Engstrom, Ades, and Hawkins 1962,
Flock and Wersall 1962, Spoendlin 1964,
Flock 1965). Two types of hair cells can
clearly be distinguished: The type I hair cell
has the shape of a bottle and with the ex-
ception of the apical parts is surrounded
by a nerve chalice (fig. 1). The type II
hair cell shows, however, an irregular cylin-
drical shape and is in contact with several
small nerve endings (fig. 2). Both cell types
are found over the entire surface of the
maculae and cristae. The type I hair cells
are, however, particularly concentrated in
the central part of the maculae and on the
vertex of the cristae. The zone of concen-
trated type I hair cells in the maculae seems
to correspond with the “striola’” which was
described earlier by Werner as a band going

Figure 1.—Hair cell type I (HC,) surrounded com-
pletely by a nerve chalice (NC). On either side is
« hair cell type II (HC;)). On the right-land
side the merve chalice is in direct contact with the
hair cell type I and the hair cell type II which is
not frequently observed. Supporting cells (S) fill
out the spaces between the sensory cells.

slightly curved through the middle of the
maculae, where the sensory cells are espe-
cially large, and all supporting cells close to
the bottom of the epithelium.

In this report I would like to concentrate
on a few questions of the ultrastructural or-

7
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8 THE ROLE OF THE VESTIBULAR ORGANS IN THE EXPLORATION

Figure 2.—Irregular cylindrical hair cell type 11
(HCyp) in contact with several individual nerve

endings (NE). Supporting cells (S). The very
dense cytoplasm of the hair cell is obvious.

ganization of the vestibular sensory epithelia
which might be brought into a certain rela-
tion to the functional behaviour of those sen-
sory receptors. In the last century Ewald
(1892) established, on the basis of careful
physiological experiments in pigeons, certain
rules according to which the semicircular
canals are functioning. Since then those
rules have been known as the second law
of Ewald which states that, in the lateral
semicircular canal, an ampullopetal stimula-
tion has a much stronger effect than an
ampullofugal cupula deviation (fig. 3). In
the vertical canals this condition is reversed.

OF SPACE-

horizontal canal

vertical canal

Figure 3.—Schematic representation of Ewald’s find-
ing in pigeons: Utriculopetal deviations of the
cupula in the horizontal canal have a greater effect
than equal utriculofugal deviations. Reversed pat-
tern in the vertical canals where utriculofugal
cupula deviations have a greater effect.

Two basic features of the cristae are ex-
pressed in this law:

1. The receptors of the semicircular canals
are direction specific.

2. There is a quantitative difference in the
response to equal ampullopetal and ampul-
lofugal stimulation.

Such a directivity and an asymmetric
mode of action of the vestibular sensory
epithelia should be expected to express itself
somehow in their structural organization.

The direction specificity as a basic funec-
tional feature is probably based on a struc-
tural polarization of those sensory epithelia,
which is clearly visible at the level of the sen-
sory hairs. At the apex of each sensory cell
there is a great number of sensory hairs with
increasing length from one side of the cell
surface to the other, comparable to organ
pipes measuring from 1 micron to approxi-
mately 12 microns in the maculae and much
more in the cristae (fig. 4). Wersall (1956)
was the first to show that the sensory cells

s
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Figure 4.—Sensory hairs of a hair cell type I (HC|)
and « hair cell type 11 (HCy). The stereocilia
(St) are arranged like organ pipes on the surface
of the semsory cell. Kinocilium in cross section
(K). Additional centriole in hair cell type I (Ce).

of the crista contain two types of sensory
hairs, the stereocilia and kinocilium-like
processes very similar to motile cilia of the
respiratory tract.

In horizontal sections through the sen-
sory hairs we see that each vestibular sen-
sory cell of a macula or crista indeed carries
from 60 to 100 stereocilia and one kinocilium
in a strict geometrical arrangement (fig. 5).

The stereocilia are morphologically defined
as homogeneous, clublike, and as rather stiff
rods emerging from the cuticular plate where
they are anchored with small roots which
penetrate usually through the entire thick-
ness of the cuticula (fig. 6).

The kinocilium is the longest of the sen-
sory hairs. It seems to be much more flexible
than the stereocilia and it is always next to
the longest of stereocilia. It originates from
a specific basal body in a cuticula-free area
of the cell surface (fig. 7). In transverse
sections the typical pattern with nine pe-

ULTRASTRUCTURAL STUDIES OF THE LABYRINTH IN SQUIRREL MONKEYS 9

Figure 5.—Horizontal section through the sensory
hair bundle of ome sensory cell. The stereocilia
(St) are geometrically arranged in form of a hex-
agonal packing. On one side of the stereocilia
bundle is the kinocilium (K) with its typical nine
peripheral and two central filuments.

ripherally arranged double tubular filaments
and two centrally located single tubular fila-
ments is evident (fig. 5). This typical nine
plus two pattern is found in all kinocilia
wherever they exist in all kinds of tissues
and animals, such as, for instance, in the res-
piratory epithelia, in the oviduct, or in uni-
cellular flagellates. The filaments of the
kinocilium extend into the basal body where
they assume a triple tubular shape and ap-
pear in a spiral arrangement (fig. 7). Such
basal bodies reveal an almost identical struc-
ture with the centrioles. The great impor-
tance of the centrioles in the organization of
every cell and the concept that the basal
bodies of kinocilia and centrioles are ho-
mologous structures certainly justify the as-
sumption that the kinociliar basal body in
the vestibular sensory cell represents im-
portant centers, which might be related to a
functional polarization of the cell.

The kinocilium is, as mentioned above, a
very elementary structure found in almost
identical forms in many different tissues of
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Figure 6.—Sensory hairs of two sensory cells. Stere-
ocilia (St) eppear as stiff club-like, rather homo-
gencous rods which are anchored in the cuticular
plate (C) with small rootlcts (R) which usually
penetrate through entire thickness of cuticular
plate. Kinocilium (K) seems to be a much more
flexible structure. Between the semsory cells are
supporting cells (S) which have microvili (V) at
surface of sensory epithelia.

all animals. Its primary role seems to con-
sist of motility as is expressed in its name.
In certain situations, however, its motility is
very unlikely and it may have quite a dif-
ferent functional significance. Thus kinocilia
are found not only in many types of paren-
chymatous tissues (Barnes 1961, Dahl 1963)
but also in many types of sensory cells such
as the rod cells of the retina, the olfactory
sensory epithelium, or sensory organelles in
primitive unicellular animals (Wolken 1956).
This certainly suggests that the kinocilia
might play an active role in sensory systems.

The assumption that the kinocilium with
its basal bodies indicates a functional polari-
zation of the sensory cells gets further sup-
port from the spatial arrangement of the
kinocilia in relation to the stereocilia over
the entire sensory epithelium. In horizontal
sections through sensory epithelia just above
the surface of the cell all the bundles of sen-

Figure 7.—Sensory hairs of a macular sensory cell
with stereocilia (St) and one kinocilium (K)
which originates from a basal body (B) from a
cuticula-free area of the cell surface. Cuticula
with roots of stereocilin (C). Inset at lower right
shows a horizontal section through a basal body at
high magnification where spiral arrangement of
triple tubular shaped filuments is clearly visible.

sory hairs are transversely cut, and their
spatial arrangement can be studied (fig. 8).
In most.of the sensory cells in one area the
kinocilia are always found on one and the
same side of the stereociliar bundles. They
originate from the same pole of the cellular
surface. Such a uniform polarization was
shown by Loewenstein and Wersill (1959)
in the cristae of fish and a bidirectional
polarization in the lateral line organ of fish
by Flock and Wersiill (1962) and Flock
(1965).

We investigated the polarization of the
vestibular sensory hairs of the entire surface
of the cristae and maculae in mammals such
as guinea pigs, cats, and monkeys with phase
contrast microscopy which allows us to study
large surfaces in one section. Since the
morphology of the sensory hairs is well
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Figure 8.—Horizontal section through a number of
sensory hair bundles of a crista of a monkey.
Kinocilia (K) are always found on same side of
stereociliar bundles (St) indicating o morpholog-
ical polarization of sensory cells.

known from electronmicroscopic investiga-
tions, the kinocilia can be recognized as
dark spots and differentiated from the
stereocilia in about 1-micron-thick sections in
phase contrast microscopy (fig. 9). This,
however, is only possible in horizontal sec-
tions at the level of the cell surface or
slightly above it where either the basal body
of the kinocilium is visible or where the
kinocilium as such is conspicuous by being
much thicker at this level than the neighbour-
ing stereocilia. More distally, the cilia are
no longer discernible.

In the cristae the kinocilia of all sensory
cells are found on one and the same side of
the hair bundles or the cell surface. The sen-
sory hairs are therefore uniformly polar-
ized. In the cristae of the horizontal canal
the kinocilia always are at the utricular pole
of the surface of the sensory cell. In the

Figure 9.—Phase contrast picture of a horizontal
section through surface of a macula of a monkey
showing stercociliar bundles (SB) each with one
kinocilium (K) as a black spot on one and the
same side of stereoctliar bundle.

crista of both vertical canals they are, how-
ever, always at the distal pole of the cell
surface (fig. 10). The reversed functional
pattern of horizontal and vertical crista as
it is shown in Ewald’s law is therefore re-
lated to a reversed morphological polariza-
tion of the sensory hairs.

In electrophysiological experiments Loew-
enstein and colleagues (1940, 1955), were
able to confirm and elucidate Ewald’s law a
little further. In the majority of single sen-
sory units they found a spontaneous ac-
tivity. In the lateral ampulla this activity
was increased with ampullopetal and de-
creased to a lesser extent with ampullofugal
stimulation. In the vertical ampullae the
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horizontal crista

(taterat semicircular canal )

vertical crista

(swperfor and posterior
semicircutar canal

Figure 10.—Schematic representation of orientation
of kinocilia in cristae of semicircular canal. In
horizontal cristae all kinocilia are always oriented
toward utricle whereas in vertical canals they are
oriented away from utricle.

pattern is reversed in accordance with the
second law of Ewald.

A similar directional behaviour of the
cristae was found by Trincker who studied
the resting potential in the ampullae of
guinea pigs. He found that a utriculopetal
cupula deviation in the horizontal ampulla
always results in a depression of the resting
potential, whereas a utriculofugal deviation
increases this potential. Here again the pat-
tern was reversed in the vertical ampullae.

Such a direct relation between the arrange-
ment of the kinocilia and the function of the
sensory cell shows that the kinocilium as
such is an important structure for the sen-
sory cell stimulation. A deviation of the
sensory hairs in the direction of the kino-
ciliar pole would, according to Trincker’s in-
terpretation of his own findings, produce a
depolarization of the sensory epithelium and,
therefore, an increased nervous activity as
found by Loewenstein and Sand (1940). A
deviation of the sensory hairs away from the
kinociliar pole, on the other hand, would

create a hyperpolarization of the sensory ’
epithelium and a decreased nervous activity.

In the maculae the situation appears to be
more complex. The sensory hairs are some-
what shorter than in the cristae but other-
wise have an identical structure. The kino-
cilia are also uniformly polarized over wide
areas. However, the direction of polariza-
tion differs for different parts of the maculae
(fig. 11). In reconstruction of the macular
surface by means of horizontal serial sec-
tions we find that the directions of polariza-
tion spread fanlike from the medial and
anterior part of the macula up to a curved
boundary line beyond which the polarization
of the sensory hairs is reversed. The kino-
cilia on either side of this dividing line are
facing each other (fig. 12).

Although the great majority of the sen-
sory hairs in one area of the maculae are
polarized in the same direction, there is
always a certain number of sensory cells
with different polarization of their sensory
hairs, as illustrated in the following table:

Section
Direction of polarization
1 I III
Anterior _______________ 1 1 14
Lateral ________________ 6 15 5
Posterior _______________ 35 2 1
Medial _________________ 3 0 1

-
o

POSTERIOR -
POSTE MEDIAL

Figure 11-—Schematic representation of polariza-
tion pattern of sensory cells in macula utriculi of
guinea pig. Arrows indicate the direction of polar-
ization showing how it spreads fanlike from one
side of mucula up to a certain line beyond which
polarization is reversed. Kinocilia on either side
of this dividing line are facing each other.



. ULTRASTRUCTURAL STUDIES OF THE LABYRINTH IN SQUIRREL MONKEYS 13

L~ - Lo + . .

Figure 12.—Schematic drawing showing how recon-
struction of surface of macula utriculi was done
with serial sections of horizontal and inclined part
of macula. Since surface of the macula utriculi is
not entirely flat, each section of the serial sections
hits actual surface of the sensory epithelium along
a certain line which 1s indicated in this drawing
by the fine curved lines. Arrows indicate direction
of polarization of kinocilium as evaluated in each
section with aid of phase contrast microscopy.

Each column represents the number of sen-
sory cells in one section which have been
counted and sampled according to the direc-
tion of their kinocilia. Each section shows a
different direction of polarization. On some
occasions we even observe sensory cells
where the kinocilium is not polarized, all
being in the middle of the stereociliar bundle
(fig. 13). All possible directions of polariza-
tion are represented in one macula utriculi.

A different pattern of polarization is ob-
served in the macula sacculi (fig. 14). Here
too we find a curved dividing line going
through the entire sensory epithelia on
either side of which the polarization of the
sensory hairs is opposite. Here, however,
the kinocilia are not facing each other as in
the macula utriculi but are facing away from

Figure 13.—Horizontal section through some sen-
sory hair bundles of a macula utriculi showing two
examples of an unusual position of kinocilium
more or less in center of a stereociliar bundle
(Kc). All other kinocilia are oriented in same
direction (K).

SUPERIOR

POSTERIOR

ANTERIOR

INFERIOR

Figure 14.—Schematic representation of polariza-
tion pattern of sensory cells in macula sacculi of
guinea pig. Here polarization is again reversed
along a certain line going through entire macular
surface (indicated as dotted line). In contrast to
macula wtriculi kinocilia on either side of this
boundary line are not facing cach other but facing
away from each other.
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each other. Not all directions of polarization
are represented in the macula sacculi. The
sensory cells are mainly polarized to approxi-
mately equal parts in antero-inferior and
postero-superior direction.

It is very striking that the site of the
dividing line of sensory hair polarization in
the macula utriculi and sacculi seems to cor-
respond fairly well with the site of the
striola, that special zone in the center of the
macula described by Werner. It might well
be that here we are dealing with a partic-
ularly sensitive and well-developed zone in
the sensory epithelium. Furthermore, we
find a similar structural pattern within the
otolithic membrane insofar as large otoliths
in the distal part of the macula utriculi can
be distinguished from smaller ones in the
proximal and medial part of the macula.
The boundary line between the two kinds of
otoliths again corresponds roughly with the
curved line of a reversed polarization of the
striola of Werner. Similar differences in the
otoliths have been reported by Lorento de
N6 (1926) and Werner (1940).

If we assume that, in the macula, the same
mechanism of hair cell stimulation is taking
place as in the cristae, a positive stimulation
with increased nervous activity will always
arise when the sensory hairs are deviated
toward the kinociliar pole of the sensory
cell. Since all four directions of polarization
are represented in one macula utriculi, we
would expect that one macula would be able
to respond to rectilinear accelerations in all
directions. This is in perfect agreement with
the electrophysiological findings of Loew-
enstein and Roberts (1951). According to
their results, one single macula utriculi re-
sponds to tilting from normal position
around all horizontal axes. A single func-
tional unit, however, will have its maximum
positive and negative response to tiltiny-
around one specific horizontal axis, exact '
as we would expect it from its morphologicai
polarization.

There is certainly much morphological
evidence that the kinocilium plays an im-
portant role in the receptor mechanism of

the vestibular sensory cell. The basic struec-
tural identity with motile kinocilia, as for
instance in the respiratory epithelium, has to
be kept in mind. Active movements of motile
kinocilia are strictly directional, beating al-
ways in the same direction. Those move-
ments are evoked by a stimulation which
spreads throughout the cilium. It is possible
that in the case of the sensory epithelia, we
are dealing with a reversed mechanism. The
passive movement of the kinocilium in the
correct direction would cause a stimulation,
as already suggested by Loewenstein and
Wersdll (1959). Even the asymmetric in-
trinsic structure of the kinocilium denotes
a directional function. The odd number of
nine peripheral tubular filaments in the
kinocilium might be the basis and the condi-
tion for direction-specific function.

However, we have to be careful not to go
too far in our interpretation. On one hand,

1/ rizontal section through the cuticular

m outer hair cell of the organ of
wult cat with its typical opening in
i i'ur plate on one side of the cellular sur-
juce (O) where we would expect a kinociliar basal
body in vestibular sensory cells. In this cochlear
hair cell kinociliar basal body is lacking however.
In each supporting cell (S), however, one or two
basal bodies (B) are clearly vistble.

R R
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Figure 16.—Horizontal section through a typical
kinociliar basal body (B) with its associated cen-
triole (Ce) of a supporting cell in macula. Typical
striated rootlets (R) which are usually associated
with those basal bodies in supporting cells.

the cochlear sensory cells which are stimu-
lated by the same type of sheering motion
have no kinocilia and in some species, as for
instance the cats, not even isolated kinociliar
basal bodies (fig. 15). On the other hand,
each supporting cell contains also a modified
kinocilium with a typical basal body and
usually an associated centriole (fig. 16).
Such basal bodies appear to be very elemen-
tary structures and are not necessarily and
directly involved in the receptor mechanism
(compare Engstrom et al., 1962). We
believe, however, on the basis of the correla-
tion of functional and morphological polari-
zation of the sensory cells, that the fully
developed kinocilia of the vestibular sensory
cells are important for their excitation. The
stimulating sheering motion is very slow
and monophasic in the vestibular receptors
as compared with the cochlea. This might
be the reason why the vestibular sensory
cells are provided with a kinocilium where-
as in the cochlear receptors it is not needed.

It is more difficult to find a structural
basis for the second feature in Ewald’s law,
that is, the quantitative difference between

equal ampullofugal and ampullopetal cupula
deviations. Again it was Loewenstein and
his colleagues (1956) who found an explana-
tion for this phenomenon on an electro-
physiological basis. They found essentially
two types of sensory units, ones with and
others without spontaneous activity at rest.
The spontaneous active receptors represent
the majority, but there is also a considerable
number of spontaneously silent units. Utric-
ulopetal stimulation in the lateral ampulla
increases not only the activity of the sponta-
neously firing units but also activates the
spontaneously silent units which appear to
have a higher threshold. Utriculofugal stim-
ulation, however, reduces the activity of
spontaneously silent receptors. Thus, the
total deviation from the resting activity is
stronger with utriculopetal stimulation than
with utriculofugal stimulation in the area of
the lateral ampulla and vice versa in the
case of the vertical ampullae. Between those
two types of sensory receptors transitional
types are also found (fig. 17).

At first thought it would be tempting to
correlate those two types of sensory units,
the spontaneously aective and the sponta-
neously silent units, to the two types of sen-
sory cells. This, however, was shown to be
incorrect since there is only one type of sen-
sory cell in the labyrinth of fishes, although
electrophysiologically both types of sensory
units are represented (Wersill 1958). There
must, therefore, be another distinctive fea-
ture between those two sensory units, and
we have to consider the innervation of the
sensory cells.

If the sensory cells are responsible for the
first step in the transformation of mechanical
into electrical energy, it is the connection
between the sensory cells and the nerve
endings where the second step, the initia-
tion of nerve impulses or of generating
potentials, is taking place.

It is generally believed that, in most cases,
the impulse transmission from the sensory
cell to the nerve ending occurs only at cer-
tain places with specific synaptic structures.
The morphological multitude of such synaptic
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Figure 17.—Schematic representation of spontancously active (1) and spontaneously silent (2) units as
described by Loewenstein et al. The number of impulses are chosen arbitrarily to demonstrate how this ar-
rangement can be used to explain the difference between utriculopetal and utriculofugal cupula deviations.
The total deviation from activity at rest is greater with cupula deviation in one direction (410) than in

opposite direction (—5).

structures within the macula of monkeys is
striking. The most basic and regularly ob-
served features of possible synaptic struec-
tures is a narrowing of the intercellular
space between axon and cell membrane with
a thickened axon membrane. Next to such
“synaptic” areas, the intercellular space is
often considerably widened. Frequently such
areas are invaginated into the sensory cell
(fig. 18).

In addition, however, there is a variety of
accessory synaptic structures in the cyto-
plasm of sensory cells (figs. 19, 20). They
consist usually of a very dense osmiophilic
structure frequently surrounded by small
vesicles of the dimensions of synaptic vesicles
(De Robertis 1959). The most common of
these formations are synaptic bars similar
to what has been described by Smith (1961)
in the organ of Corti. Instead of bars there
are also found small round masses, spherical
structures which, in section, appear as rings

Figure 18.-—Relation of a merve chalice (NC) to a
hair cell of type I (HC;) with a typical invagina-
tion of the nerve chalice (J) where the intercel-
lular space is markedly reduced, which probably
can be regarded us a synapse. Note also abun-
dance of ribosomes within hair cell whereas mo
ribosomes are visible in nerve chalice.
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Figure 19.—Some different accessory synaptic struc-
tures (Sy) between individual nerve endings
(NE) and hair cells of type II (HCyp).

or long straight or bent laminas extending
far into the cytoplasm of the sensory cell.
The latter structures could only be found in
the hair cells of type I (fig. 20). All the
others appear in both types of sensory cells.
Not only the appearance but also the number
of synapses per sensory cell and nerve end-
ings vary greatly.

As revealed in serial sections there are
sensory cells with very few or no synaptic
structures while others have a large number.
This suggests that not all sensory cells show
the same functional behaviour at a given
time, and the question remains whether
morphologically different types of synapses

Figure 20.—Different forms of accessory synaptic
structures (Sy) in hair cells of type I (HCy)
usually surrounded by a great number of small
vesicles. Nerve chalice (NC).

represent qualitatively or quantitatively dif-
ferent functions or whether they correspond
to different functional states of a synapse.
The difference in functional behaviour be-
tween the spontaneously silent and active
sensory units as revealed in electrophysio-
logical investigations might be in relation to
the number and state of the synapses in the
different sensory cells. The spontaneously
silent receptors which are considered to
be less sensitive would correspond to sensory
cells with fewer functional synapses.

A very primitive schemata might illustrate
my thoughts. As already suggested by
Loewenstein (1955), we might compare the
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sensory cell nerve-ending unit with a triode.
The anode current comes basically from the
grid voltage and from the number and size
of the grid meshes. That the behaviour of the
sensory units can be changed by polarizing
DC-currents (grid voltage) has been demon-
strated by Loewenstein. We wonder, how-
ever, if the second factor, the size and num-
ber of grid meshes, could influence the
behaviour of sensory units as well. In such
a model the synapses would correspond to the
grid meshes. More or larger meshes are
present in the grid at a given grid voltage,
the current flow from cathode to anode being
freer. For the sensory cell it would mean
that a great number of synapses facilitate
the transmission from the sensory cell to the
nerve ending and would therefore lower the
threshold for the initiation of nerve impulses
(fig. 21).

The enormous variety and large number
of synaptic structures in the vestibular sen-
sory epithelia of the squirrel monkey have
not yet been described in other animals.
They might be related to the great functional

Spontaneously
silent
s 8
Spontaneously ! }
active A \
/

Figure 21.—Posstble model of spontaneously silent
and spontaneously active sensory wunits where
number and quality of synapses between sensory
cell and merve ending ave compared with different
size and number of grid meshes in a triode.

\

importance of the gravity receptors in those °
squirrel monkeys where acrobatic skill is
important for survival. Uninterrupted
synaptic transmission must be provided in
order to guarantee a steady function.

The fact that, in some sensory cells, no
synaptic structures at all are found certainly
suggests that synaptic structures are not of
a permanent nature but that they wear out
and are built up in time. It could hardly be
conceivable that a sensory cell would remain
throughout lifetime without any synaptic
relations to nerve endings.

How much and in what way the efferent
innervation interferes with the function of
the vestibular receptors still remains an
open question.

There are undoubtedly myelinated efferent
fibers from the lateral vestibular nucleus
reaching the sensory epithelia, as shown by
Gacek and Rasmussen (1961) and in his-
tochemical acetylcholinesterase demonstra-
tions by Ireland and Farkashidy (1961) as
well as by Schuknecht and Nomura.

This efferent system most probably has
its endings at the sensory cells. Some of
the bud-like endings at the hair cells of type
IT are indeed filled with vesicles comparable
to the cochlear efferent endings; and they
could therefore be considered as efferent
endings from the morphological point of
view (fig. 22). However, the morphological
distinction between afferent and efferent
fibers in the vestibular sensory epithelia is
not so clear as in the cochlea where the
efferent innervation is much more abundant.
Nerve endings with synaptic vesicles are fre-
quently found associated with synaptic bars
and agglomerations of synaptic vesicles on
the sensory cell side of the synapse as well.
Only on rare occasions could we observe a
synapse between a vesiculated nerve ending
and another nerve fiber or nerve chalice. We
do not believe that places where vesiculated
nerve structures are just adjacent to other
nerve fibers can be considered as synaptic
areas in which impulse transmission is tak-
ing place.
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Generally speaking, there are unquestion-
ably many more vesiculated nerve endings in
synaptic contact with hair cells of type II
than with the nerve chalices of the type I
hair cells. In accordance with those findings,
Gacek, Schuknecht and Nomura (personal
communication) found, with histochemical
methods, much less acetylcholinesterase
activity in the area of the striola, where we
have a particular concentration of type I

Figure 22.—Upper: vesicle-containing nerve ending
(NV) in synaptic contact with a hair cell of type
II (HC;)). A synaptic bar is present in the sen-
sory cell adjacent to the vesiculated nerve ending
(Sy at right). The example of a probably basic
synaptic pattern with marrowing of intercellular
space associated with thickening of axon and cell
membrane is visible at left (Sy). Lower: synaptic
contact (Sy) between a vesiculated nervous struc-
ture (NV) which from morphological point of
view could be of efferent nature with another
nervous structure (N).

hair cells. It is most likely that the vesic-
ulated endings correspond to acetylcholin-
esterase active structures and that they are
the terminals of the efferent vestibular fibers
as described by Gacek (1961), although the
direct proof is still lacking.

Acetyleholinesterase activity, however,
does not prove the presence of a cholinergic
innervation as recently demonstrated by
several authors (Desmedt, personal com-
munication). It is, therefore, not yet clear
what type of system those efferent fibers
represent.

With a new histochemical method which
was introduced by Falk (1962), adrenergic
fibers can be demonstrated in the fluores-
cence-microscope. In this way the perivas-
cular adrenergic network around the labyrin-
thine artery can easily be shown (fig. 23).
This perivascular network, however, is no
longer present in the vessels of the membra-
nous labyrinth.

On the other hand, we were able to dem-
onstrate a very fine network of adrenergic
fibers in the macula utriculi. They did not
seem to be in a direct relation to blood ves-
sels which, at this level, usually are in the
order of capillaries. The precise endings of
those adrenergic fibers, however, could not
yet be detected (fig. 24).

In electronmicroscopic sections through
the nerve fibers underneath the macular
epithelium we see that the great majority of
nerve fibers are myelinated and have a diam-
eter of 3 to 9 microns. They lose their my-
elin sheath just before they penetrate into the
sensory epithelium. At closer examination
one finds, however, a certain number of very
fine unmyelinated fibers from 0.2 to 1.0
micron thickness (fig. 25). We have always
wondered about the significance of those
fibers and now we think that they might
correspond to adrenergic fibers. We have
not yet been able, however, to follow them
to the actual endings. In any case, they
never were found adjacent to blood vessels.
It seems that some of them do penetrate
into the sensory epithelium where they can
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be recognized above the basement membrane
between supporting cells (fig. 26).

All we can say now is that there is an
adrenergic nerve plexus in the macula and
that this plexus is independent from the

demonstration of adrenergic
nerve plexus around labyrinthine artery in a cat
in fluorescence microscope, according to technique
of Falk and Hillarp. With this technique nor-
adrenalin and assoctated compounds appear in the
fluorescence microscope with a bright green fluo-

Figure 23.—Specific

rescence. (Study in collaboration with Dr. Lich-
tensteiger, Department of Pharmacology, Univer-
sity of Ziirich.)

blood vessels. Further experiments will give
more information about the origin and pos-
sible role of this adrenergic system in the
receptor mechanism. It might have an op-
posite effect on the receptor than the cholin-
esterase active fibers, which seem to be in-
hibitory. Thus, sensory receptors would be
regulated by two different types of innerva-
tion, myelinated cholinesterase active fibers
(Gacek) and an adrenergic unmyelinated
system.

Figure 24.—Specific demonstration of noradrenergic
nervous plexus within macula utriculi of e guinea
pig (A) in a fresh tease-preparation of a macula
of a guinea pig. Those adrenergic fibers are mot
associated with blood vessels (B).
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DISCUSSION

M. JONES: It had occurred to me that perhaps the
kinocilium might act here in its more usual mode,
for instance as a motile organ. Do you think that it
might be involved in modifying the cupular elastic
restoring coefficient? Recent theoretical considera-
tions of R. Mayne and myself have shown that there
might be a great advantage in being able to do so.

SPOENDLIN: Such a functional significance of the
kinocilia is certainly conceivable. As a matter of
fact, Ewald himself had a similar concept about the
function of the sensory hairs. It does, however, not
explain the close relationship between the electro-
physiological behavior of the sensory units and the
polarization of the kinocilia on the surface of the
sensory cells.

MONEY: I would like to comment about the second
law of Ewald: When Ewald did his famous experi-
ment, the ear which was giving the responses was
opened in two places and was exposed to a hydraulic
hammer during the experiment. You would expect
lots of artifacts from that. Dohlmann did a later
experiment in which he deformed the ampulla and
therebyq mobilized the cupula in pigeons. He found
a postlzotatory nystagmus from single horizontal
canals equal in both directions: We repeated the

same thmg in pigeons by plugging the canal duct

% and found that the single horizontal canal remain-

~mg gave postrotatory nystagmus equal in both direc-
‘tions..’ We have done the same thing in cats, dogs,
and monkeys Although the electrophysiological evi-
dgnce shows that the increases in the resting dis-

5%,
1"'4' \\

charges are greater than the decreases, this can be
explained by the fact that now the central mechanism
handles this information; just how is not known.
If it receives, on a logarithmic scale, a smaller de-
crease, it could give a bigger response than with a
larger increase in the resting discharges. I don’t
think Ewald’s law is true in the intact animal for
the horizontal canal.

SPOENDLIN: It was actually not Ewald who estab-
lished his law. He just reported the findings from
his physiological experiments on pigeons. No matter
what artifacts may have influenced his results, they
pointed to the basic pattern of a direction specific
and asymmetric response of the semicircular canal
receptors which was later electrophysiologically con-
firmed for the first order neuron by different authors.
Therefore, I think the second law of Ewald has to be
considered first of all at the level of the first order
neurons. If we consider the entire vestibular system
with its numerous central connections, we are deal-
ing with too many unknown factors. On the other
hand, the difference in response to utriculopetal and
utriculofugal deviations probably becomes evident
only with strong stimuli because the spontaneously
silent units have a relatively high threshold.

BERGSTEDT: Ewald’s second law holds for the first
neuron but not for the entire vestibular system. It
does not show in caloric tests. As discussed at a
symposium in Switzerland, it is probably a miscon-
ception of Ewald’s law if it is considered for the
entire animal.
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The present study has shown that the vestibular sensory cells are of two basic
types; however, cells are also found which are intermediate in form. These presumably
represent stages of partial differentiation from the more primitive type II cell toward

the type 1.

It has been clearly established that sensory cells of both types may be innervated
by the same nerve fiber. It is apparent also that the pattern of innervation of vestibular
sensory cells is much more complicated than has been believed hitherto.

Finally, this study has shown that well defined “gynaptic regions” can be found
between the nerve calyx and the base of the type I sensory cell, and that these are very
much like the supposed synaptic regions which are seen between the sparsely granulated

type of nerve ending and the type II sensory cells.

INTRODUCTION

In mammals the vestibular sensory cells
are localized in five sensory areas in each
ear. These areas are the three cristae ampul-
lares, one in each ampulla of the three
semicircular canals and the two maculae,
one in the utricule and one in the saccule.
Although there is a close resemblance in
the arrangement of the sensory cells and
supporting elements among cristae and macu-
lae, there is a considerable difference in the
covering structure over the epithelia between
cristae and maculae. The jelly-like cupula
over the crista has little in common with the
membrane of statoconiae covering the macu-
lar surface.

The basic study of the ampullar cristae
of the guinea pig by Wersill (1956) added
greatly to our knowledge of the vestibular
epithelia. Further studies by Smith (1956),
Engstrom and Wersdll (1958), Bairati

ély .y \-w ¢

(1961), Engstrom (1958, 1961), Werséll
(1961), and Flock (1964) and others demon-
strated that there is a general principle rec-
ognizable in all vestibular sensory epithelia
in higher mammals as well as in fishes. It is
also seen in the lateral line organ of fish.
It is now generally accepted that there
are two types of hair cells in vestibular
sensory epithelia. The general features of
these cells are recognized from figures 1 to 5.
During the last few years, however, it has
become evident that the description of the
vestibular sensory cells has been oversim-
plified and that important features in their
structure have been overlooked. This is es-
pecially so with respect to the arrangement
of the sensory hairs and the innervation of
the hair cells; we have, therefore, considered
it of interest to give a new description of
these sensory cells and their innervation.
“As we have found that some of the basic

23
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principles jn -tli€é form and structure of
the maculae have been discussed very little
in recent years, and as we believe that some
basic functional vestibular properties have
thereby been overlooked, we thought it ap-
propriate to take up some of these problems
also for brief discussion.

MATERIAL AND METHODS

Our studies are based upon a very large
number of specimens collected during three
decades and including inner ears from many
different animals and man. In the years up
to 1950 this material was studied only by
conventional sectioning and light-microscopy
methods. From 1950 on, an increasing part
of the material has been studied by electron-
microscopy after embedding in media such
as acrylate or epoxy resins. In recent years
we have devoted much time to a direct study
of the unfixed or fixed vestibular sensory
regions as seen, unsectioned, under the prep-
aration microscope. Much of the work has
utilized surface specimens, by which we
mean that the sensory epithelia as a whole
have been freed from the rest of the lab-
yrinth, and observed under phase contrast
microscopy or after nerve staining. On many
occasions we have then microdissected the
individual sensory regions to study physical
or structural properties of individual cells or
cell organelles.

During part of our work we have used X-
ray crystallography to study the statoconiae.
This was done together with D. Carlstrém
who has since continued the work and re-
cently has published a comprehensive study
of the crystals forming the otoliths or stato-
coniae.

OBSERV ATIONS

There are two distinct kinds of sensory
cells in all the vestibular sensory epithelia
we have studied. Their characteristic fea-
tures can be seen in figures 1 to 5. There are
also several cells of intermediate type and
groups of cells which are enclosed in one
nerve ending or nerve calyx (fig. 6). It also
becomes evident if we compare figures 1 and
2, which are taken from earlier publications,

Figure 1.—Schematic drawing of two types of vestib-
ular sensory cells. The flask-shaped type I cell
(HC I) is surrounded by a merve calyx (NC),
which makes contact on its outer surface with
granulated (presumably efferent) merve endings
(NE 2). Unmyelinated nerve fibers (UMN) are
extensions of myelinated fibers (MN) which lose
their myelin sheath as they pass through basement
membrane. Type II sensory cell (HC II) is
roughly cylindrical and is supplied by two types of
nerve endings (NE 1 and NE 2) which can be
seen at its basal end. Several groups of mitochon-
dria (M,-M,) are found in the sensory cells and
neural elements. Two kinds of hairs project from
the surfaces of semsory cells, stereocilia (H) and
kinocilium (KC), single kinocilium always being
the longest on each cell. Supporting cells are
eastly distinguished from sensory cells by virtue
of their numerous population of rather uniformly
distributed granules (Gr).

that considerable modifications can be rec-
ognized. The major differences from earlier
descriptions are found in the arrangement
of the sensory hairs and in the innervation
of the cells.

In a recent publication, Engstrom, Ades,
and Hawkins (1962) described the two dis-
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Figure 2.—Schematic drawing of a type I sensory
cell, showing its inner structure and its neural
connections.

tinct kinds of sensory hairs seen on vestibular
sensory cells. Each cell characteristically
displays a single kinocilium and about
seventy stereocilia. This general situation
had been known before; however, the fact
that the stereocilia vary in length in a sys-
tematic way had been overlooked. The pat-
tern is such that the stereocilia situated close
to the kinocilium are the longest, and the
length of the rest decreases progressively
with increasing distance from the kinocilium
(fig. 5). The gradient of diminishing length
is sharp and pronounced, easily discernible
by either phase or electronmicroscopy. Ac-

KC

Figure 3.—Schematic drawing of type I sensory cell
showing its nucleus (Nu), mitochondria (M), and
two types of hairs (H and KC). Swrrounding
nerve calyx (NC) shows two synaptic areas (ar-
rows). Applied to outer surface of calyx can be
scen w granulated, presumably efferent, nerve end-

ng (NE 2).
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Figure 4.—Type Il sensory cell showing two kinds
of nerve endings (NE 1 and NE 2), and two types
of hairs (H and KC).

Figure 5.—Schematic drawing of « section through
cuticular region of a vestibular sensory cell shoiw-
ing arrangement of stercocilia (SC) and kinocil-
wum (KC) and origin of latter from basal body
(B).

tually, Retzius hinted at this systematic
variation of stereocilia length, but this has
never been taken account of in discussions of
the physiology of vestibular sensory cells. The
gradient of increasing length of stereocilia
toward the kinocilium indicates a polarity
which is quite characteristic; moreover, the
polarity of all cells in a particular region is
uniform (Engstrom, Ades, and Hawkins,



FORM AND INNERVATION OF THE VESTIBULAR EPITHELIA 27

DOUBLE TRIPLE
CALYX

Figure 6.—Schematic drawing showing further com-
plexities of semsory cell arrangement and nerve
endings which may be found in same region of
vestibular sensory epithelium.

1962), and characteristic of that region from
one ear to another. Similar observations
have been made by Flock (1964), and by
Spoendlin (personal communication). Polari-
zation of the kinocilium in a uniform direc-
tion is apparently characteristic of the
neuromasts of fish, of the lateral line in
Xenopus (Kalmijn: Dijkgraaf, 1963), and of
the lateral line of fish (Flock et al., 1962) ;
however, these authors did not indicate
whether or not the stereocilia are of different
lengths. Flock (1964) did describe different
lengths of stereocilia in Lota.

It has been clearly established that the
polarization of the cells has a distinet phys-

iological importance, and that a bending of
the hairs toward the kinocilium corresponds
to a rise in activity. Dijkgraaf (1963) has
discussed the importance of this polariza-
tion. Interest in the kinocilium has been
further increased since it has been shown
that the primitive otolith of the ascidian
tadpole is enclosed in what seems to be a
modified kinocilium, and that no stereocilia
are present on the cell (Dilly 1962). In this
connection it is of great interest that a modi-
fied kinocilium is also present on every
cochlear hair cell as shown by Flock et al.
(1962) and by Engstrom, Ades, and Hawkins
(1962). These observations and several
others have prompted us to consider the
kinocilium as a most important sensory hair.
It could even be that the bending of the
stereocilia is not directly responsible for ex-
citation of the hair cell, but only indirectly
through its mechanical effect on the kino-
cilium and the basal body. It is significant
to note that modified kinocilia are now being
found on most sensory cells and even inside
the central nervous system. In the vestib-
ular sensory epithelia with the kinocilium
leading in length and with the rather stiff
stereocilia decreasing in length, it must be
assumed that a shearing movement of the
statoconia as well as an increased pressure
upon the hair-bearing surface must be met
by a gradual increwse in resistance. This, in
turn, could result in a graded form of re-
sponse and/or serve as an important safe-
guard to prevent damage to the sensitive
organelles of the cell. It will be of great
interest to see if the staircase pattern in the
arrangement of stereocilia is present also
in the side-line organ of, for instance,
Xenopus, where every other row of sensory
cells is oppositely polarized.

In hair cells of type I (fig. 3) the infracutic-
ular region is densely populated by mito-
chondria (fig. 7) indicating a high enzymatic
and metabolic activity. It is of great impor-
tance to elucidate what function these mito-
chondria have. In the outer hair cells of the
cochlea of the guinea pig and the squirrel
monkey, there is a marked accumulation of
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Figure 7.—Electron micrograph through cuticle of a type I sensory cell from macula utriculi of a guinea pig,
showing detail of rootlets of semsory hairs. From base of hairs (H) rootlets (R) extend down through
cuticle (Cu) to region close to large rounded mitochondria (M). Three black arrows toward lower right indi-
cate a region of regularly arranged fibrous structures. NC marks nerve calyx.

mitochondria in the region under the basal
body, the structure corresponding to the kino-
cilium of the vestibular cells. It seems very
plausible that the modified kinocilium is in
close functional relationship with the nearby
mitochondria, as these often closely sur-
round the basal body. It would be of great
interest to determine definitely whether the
rootlets of the vestibular stereocilia may not
penetrate the cuticle and make contact with
the large mitochondria. It seems likely from
our micrographs that the rootlets at least
extend very nearly through the cuticle (fig.
7).

The hair cells of type I usually have a
characteristic arrangement of cytoplasmic
organelles which can be seen in figures 1 to
3, but as very little of importance can be

added at this time, we refer to earlier publi-
cations. The hair cells of type II have a form
which varies considerably. In the utricular
and saccular maculae the cells may be short
and bulky, but the majority have a form cor-
responding to figures 1 and 4. In the cristae
the cells often are taller and thinner. The
endoplasmatic reticulum and the location of
the cytoplasmic organelles differ consider-
ably from the arrangement in the cells of
type I (cf. fig. 3 with fig. 4). It is of con-
siderable interest to note that the sides or
slopes of the cristae appear to be more densely
populated with sensory cells than the crest
and that many of these are of type I (figs.
8 and 9). It was originally supposed by
Wersall (1956) and by Engstrom and
Wersill (1958) that the two types of sensory



Figure 8.—Light photomicrograph. Section of crista
ampullaris of guinea pig with nerve stain show-
ing nerve fibers of different caliber leaving epithe-
lium. Dense population of type I sensory cells is
casily seen, especially on side of crista.

cells could be innervated by nerve fibers of
different caliber. This has proven true to a
certain extent; however, the innervation of
the sensory cells is more complicated than
we earlier believed. A clear overlapping of
the innervation takes place so that type I
and type II cells may be innervated by the
same nerve fiber. As some of the fibers also
branch below the epithelium and a recon-
struction of their course is rather difficult,
our knowledge is as yet far from complete.

A type II cell, in all probability, can be
innervated from a nerve calyx that surrounds
a type I cell (cf. figs. 10 to 13). There is
reason to believe that the so-called type II
cell actually is ontogenetically the more prim-
itive cell. For this reason, and because
the innervation of the type II cell makes an
easier starting point, we shall begin by dis-
cussing its innervation.

The hair cell of type 1I is innervated by at
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section
through one-half of a crista ampullaris of guinea
pig, showing fibers of thicker caliber going to
nerve calyces and thinner fibers forming a basal
network in lower part of sensory epithelium.

Figure 9.—Light photomicrograph of a

least two different kinds of nerve endings.
One of these, known as type 1 ending, is
sparsely granulated and forms a synaptic
contact with the hair cell plasma membrane.
The synaptic region often shows a small in-
dentation into the hair cell and in some in-
stances the nerve ending may be partially
enclosed by the sensory cell. The synaptic
indentation varies in form and size as de-
scribed by Engstrém (1961). Sometimes 1t
is smooth and rounded (as in fig. 14) ; some-
times it is oblique, with a few vesicles inside
the sensory cells. In other cases it is very
similar to what Smith and Sjostrand have
called a “synaptic bar,” but as far as we have
found, there is always an invagination or in-
dentation of the sensory cell plasma mem-
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4
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Figure 10.—Schematic drawing of wvestibular sen-
sory cells of type I (HC I) and type II (HC II),
showing complexity of meural interconnections
which may be found in vestibular semsory epithe-
lia. Hair cells of both types may have contact
with the same nerve calyx (NC). A side branch
“from a nerve calyw may course for some distance
to make contact with a type II cell. Various ways
i which both type I (NE 1) and type 2 (NE 2)
nerve endings may terminate are shown.

brane. In some cases there is a denser region
on both sides of the invagination. As just
mentioned, there are sometimes vesicles on
the same side as the sensory cell ; but in other
cases, it looks more as if there were short
spines or radiating denser structures, about
200 A in length. Synaptic vesicles are oc-
casionally found in the hair cell close to the
invagihation. Further studies are necessary
to clarify these structures. The general
characteristics of these endings are such as
to support the belief that they are post-
synaptie, which should mean that they have a
centripetal conduction. Along one cell sur-
face there are found several endings of this
type varying in both size and form. Some
have the appearance of boutons, while others
are long and slender, making extended con-
tact with the sensory cells, so extensive, in
some cases, that they resemble a half of a
nerve calyx of the type described below for
the type II cells.

The other kind of nerve ending, called type
2, is less numerous. They are often bouton-

Figure 11.—FElectron micrograph, showing how both
type I (HC I) and type II (HC II) cells may be
in direct contact with same nerve calyx.

shaped and very densely granulated in the
guinea pig (fig. 14). For the squirrel monkey
these granulated endings are also present
but less prominent. They differ considerably
in structure from the sparsely granulated
type 1 ending. The granulated endings are
in direct contact with the sensory cell sur-
face. The contact area often shows a distinct
thickening of the plasma membrane of both
sensory cell and nerve endings. There is clear
evidence that granulated nerve endings of
this type can also contact nerve fibers belong-
ing to type 1, forming synaptic thickenings
with them. Exactly the same kind of granu-
lated ending is found in contact with the
nerve calyces of vestibular sensory cells of
type 1. These fibers evidently originate from
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Figure 12.—Higher magnification, showing detail, of
a part of preceding figure (fig. 11). Nuclei (Nu)
of both sensory cells may be seen with their double
membranes, Type I1 hair cell (left) shows at its
lower end a thickened region of contact with the
calyx. See also following figure.

fibers of very small caliber which form a rich
plexus in the lower half of the sensory
epithelium.

The vestibular sensory cell of type I is
almost completely surrounded by a sparsely
granulated nerve calyx (figs. 3, 15, 16), the
two being separated by a distance of 250—
300 A. It has been supposed that this distance
was uniform at all points except at the neck
of the hair cell, making plausible the assump-
tion that only the neck region should be
regarded as the area of synaptic contact.
This assumption received support from the
fact that the nerve calyx in the neck region
contains vesicles similar to synaptic vesicles.
Our studies have clearly shown, however,

Figure 13.—Still higher magnification of detail from
preceding figure (fig. 12), showing how hair cells
of both type I (HC 1) and type 1I (HC II) may
border same nerve calyx (NC). Black arrows in-
dicate regions where space between calyx and sen-
sory cells is reduced. Black and white arrows on
left indicate regions which have been interpreted
as synaptic areas.

that the distance between sensory cell and
nerve calyx in the guinea pig is not, in fact,
constant all the way around the cell. Rather,
there are distinct areas where the space be-
tween calyx and cell is reduced. In the
center of these areas an invagination can
often be clearly discerned (fig. 16), and oc-
casionally a thin invagination similar to
“synaptic bar” can be found. Small vesicles
with a diameter of 200-400A are often found
inside the thin regions and especially in con-
tact with the invaginations. The invagina-
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Figure 14.—FElectron micrograph, type II sensory
cell (HC II) with nerve endings of two varieties.
A sparsely granulated ending (NE 1) forms a

synaptic mvagination into hair cell. A richly
granulated ending (NE 2) forms a synaptic con-
tact (arrows) with hair cell.

tions are sometimes rather large and a
densely granulated nerve ending of type 2
can often be found outside the nerve calyx
in the same region. One or more of such
densely granulated endings are almost al-
ways found outside the nerve calyx, as pre-
viously described by Engstrom (1958, 1961).

In our earlier publications we assumed
that sensory cells of type I and II were in-
nervated from different types of nerve fibers.
The present study has clearly shown that the
outer surface of a nerve calyx often makes
contact with a sensory cell of type II, distinct
osmiophilic “synaptic regions” being seen
along the contact surface. On several oc-
casions we have seen that a nerve calyx can
send a branch to a nearby hair cell of type
IT (fig. 10). Such collateral branches, as we
have seen them, show a sparsely granulated
terminal (i.e., type 1 ending), and, in the
course of such a branch, a densely granulated,
type 2 ending is often seen.

Finally, another interesting feature seen

Figure 15.—Electron micrograph, guinea pig, show-
ing base of a type I sensory cell (HC I), sur-
rounded by a nerve calyx (NC), containing mito-
chondria (M). White arrows indicate a thin, pre-
sumably synaptic, area. Such an area often shows
an invagination in its center. A richly granulated
nerve ending (NE 2) is seen at lower left, in con-
tact with outer surface of calyx. A supporting cell
(SC) is seen at lower right,

both in the maculae and in the cristae is the
occurrence of calyces which enclose two,
three, four, or even five sensory cells (fig.
6). These are often found in the maculae
of the squirrel monkey. The lack of space
often leads to oblique positioning of the en-
closed sensory cells and, oftentimes, to distor-
tion of the necks of these.

In the course of a study of large numbers
of specimens such as this, in which the inner
ear sensory epithelia are regularly dissected
free and examined under low magnification
as well as by more detailed methods, many
features are observed which are of consider-
able interest, but which do not as yet con-
stitute a systematic body of information.
Several of these are briefly discussed in the
following paragraphs and some are illus-
trated in figures 17 to 30. Some of the ob-



Figure 16.—Electron microyraph of guwinea pig
showing base of a type I sensory cell with its nerve
calyx. Arrows indicate two (synaptic) invagina-
tions. Within these folds, space belween celyx and
sensory cell is nmoticeably diminished as compared
with rest of calyx-hair cell border.

servations point up the need for additional
systematic study.

One of the most interesting problems in
need of elucidation is that of vascular sup-
ply to the vestibular sensory areas. The
constant activity of the cristae and maculae
requires a rich blood supply. As can be seen
in several of the micrographs, an abundant
subepithelial vascular network is found under
the vestibular sensory epithelia. An exten-
sive systematic study of the circulatory
pattern of the entire labyrinth is one of the
projects now going on in our laboratory.

Previous studies of vestibular physiology
have discussed the form and size of the stato-
conial membrane to a very limited extent,
which is amazing, considering the regularity
of arrangement of the statoconia in many
species, and the significance this character-

Figure 17.—FElcctron micrograph showing a miyeli-
nated nerve fiber (beginning in lower left corner)
as 1t loses its myelin and then divides into three
branches which run, unmyelinated, for a consider-
able distance (500 w) before entering the epithe-
lium, The region of the termination of the sheath
shows the characteristic infolding of myelin and
the increase in mitochondrial concentration in the
Schwann cell cytoplasm.

istic structure must have for macular func-
tion. In particular, the statoconia of the
macula sacculi show a very orderly pattern
which is faithfully repeated from one animal
and one species to another (fig. 31). The
statoconia at the edges form a thin layer,
while, along a curved central line, they are
heaped into the appearance of a “snowdrift”
which is several times thicker than at the
edges, A similar variation in thickness is
seen also in the macula utriculi. In each
case, the line of heaped statoconia corre-
sponds to a central, curving line on the mac-
ula which marks its division into two large
areas of oppositely polarized hair cells, im-
plying a clearly functional significance of the
statoconial pattern. This view is strength-
ened by evidence that the statoconia form
a coherent mass rather than being free to
move individually without relation to each
other. Actually, it is usually possible to lift



Figure 18.—Ampulla of the semicircular canal of a
guinea pig showing the canal widening slightly at
the entrance into the ampulla. The blood vessels
form a rich network in the crest of the ampulla
among the merve fibers and, as seen here, along
the wall.

Figure 19.—Phase contrast micrograph of section of
crista ampullaris of guinea pig from acrylate-
embedded specimen. The long tufts of hairs from
the sensory cells can be seen at the surface. Note
that the innervation of the sides of the crista is at
least as rich, and possibly more so, than that of
the crest. Likewise, the sides as well as the crest
are densely packed with sensory cells.

IN THE EXPLORATION OF SPACE :

Figure 20.—Phase contrast micrograph of section of
crista ampullaris of squirrel monkey. The differ-
ence in form from that of the guinea pig is appar-
ent when figures 2 and 3 are compared. Note
that the epithelium of the crest is thinner than
that of the sides. Correspondingly, the density of
sensory cells is higher along the lower margin of
the sides than at the crest.

Figure 21.—View of exposed labyrinth of guinea
pig. The white arcas show the macula of the utri-
cle (MU) and of the saccule (MS). The utricle
(U) is seen as a dark cylinder with pigmented
cells in the wall. At the extreme left is a part of
the ampulla of one of the semicircular canals.
The fine, dark fibers seen on the macula ubriculi
arc nerve fibers.
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off the statoconial layer in a single piece.
This implies, in turn, movement as a single
mass, meaning that the cells, being of oppo-
site polarity on opposite sides of the central
line, must be subject to stimulation along
different vectors for any given direction of
movement. While this consideration appar-
ently suggests an increasing complexity in

L
&

correlation with function, it also offers more
degrees of freedom in accounting for the
subtleties of behavioral reactions to vestibu-
lar stimulation. It also suggests possible
patterns to be sought in the projection of the
macula on brain-stem nuclei, and a basis for
searching out neural coding patterns of ves-
tibular input to central pathways.

Figure 22.—Electron photomicrograph of an extensive area of sensory epithelium from the macula utriculi of
the guinea pig. Several sensory cells of type I (HC 1) and several of type 1II (HC I1) can be seen. Note the
difference between sensory cell and supporting cell (SC) nuclei. At the surface of the sensory cells, the
sensory hairs show the typical graduation of size, in this case from shortest hairs on the right to longest
on the left. Myelinated nerve fibers (MN) can be seen cntering the base of the cpithelium, losing the
myelin sheath just before passing through the basement membrane. Within the epithelium, the now un-
myelinated fibers pass to their terminations among the sensory cells.
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Figure 24.—Section of border region macula utriculi
Wi of guinea pig showing the transition between sen-
L G .. - s : # sory epithelium and columnar epithelium which
rapidly changes to cuboidal. Below the epithelium
can be seen the connective tissue layer with its
blood vessels and merve fibers.

Figure 23.—Section of macula utriculi of squirrel
monkey showing the hair tufts at the surface.
The orderly progression of length of the hairs
from low to high on each cell can be seen clearly.
The longest hairs are always found close to the
kinocilia, which, over large areas of the macula,
are oriented in the same direction, denoting a
structural polarization of the cell surface. The
light colored mass (S) above the surface is the
layer of statoconia, formed by hexagonal crystals
of calcite whose specific gravity is about 2.74.

BLOOD VESSEL

Figure 25.—Schematic drawing of guinea pig mac-
ula utriculi showing the separate inmervation of
its two portions, one branch from the upper and
the other from the lower division of the vestibular
nerve, The macula is also supplied by a third
bundle of thin caliber nerve fibers (nmot shown
here) which presumably belong to the efferent
system.
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Figure 26.—Crista ampullaris of guinea pig, phase contrast photomicrograph showing sen-
sory hair tufts from cells on the side of the crista (main figure). Inset shows lower magni-
fication of whole section of crista with portion shown in main figure outlined.
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Figure 27.—KElectron micrograph, guinea pig, showing two areas of presumptively
synaptic significance. On the wall of a type I sensory cell (HC I) where it borders
on a merve calyx is seen a thinned region featuring a fold involving the walls of
both calyxz and hair cell. A wichly granulated merve ending (NE 2), probably of
efferent nature, which also borders the nerve calyx shows a thickened ‘“‘synaptic”

area (Sy).
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Figure 28.—Electron micrograph showing a myelinated nerve fiber as it loses its
sheath (MN) a short distance below the basement membrane of the epithelium.
The myelin sheath terminates by folding mward around the merve fiber, en-
closing mitochondria as it does so. Note the slight expansion of the nerve fiber
as it emerges from the sheath.

39
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Figure 30.—Electron micrograph showing the com-l
plicated infolding of myelin sheath terminations
as often seen just below the macular epithelium.

_Figure 29.—Electron micrograph; myelinated nerve
fiber showing region of termination of the sheath.
Several large mitochondria - (M) are regularly
found in this region, forming, in conjunction with
the folding of the myelin sheath, a kind of termi-
nal collar. At the lower left cormer a Schmidt-
Lanterman incisure can be seen.

Figure 31.—Surface wview of macula sacculi of
guinea pig. White surface is composed of large
numbers of statoconia showing typical pattern of
their distribution, most prominent feature of
which is “snowdrift” of crystals heaped along a
curving line. This “snowdrift” line is found regu-
larly in this and other species which have been
studied. It has also been found thut this line marks
a corresponding line in sensory epithelium, on two
sides of which the structural polarization of cells
8 reversed.
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DISCUSSION

MAYNE: Apparently the sensory cells themselves are
capable of a high degree of organization., The ques-
tion arises as to the nature of this organization.
Could it be that adaptation takes place at the low
level of these cells rather than in higher neural
centers? Could it be that the organization is to the
end of providing optimum coding of sensory signals
to provide the highest possible rate of information
over existing channels?

ENGSTROM: The problem of cellular and neuronal
interaction in the inner ear is one of the most in-
teresting problems in our present work. We know
from the cochlea that there is a very geometrical or
mathematical arrangement of the cells and that one
nerve fiber innervates several sensory cells. It is
therefore probable that the fixed system of sensory
cells corresponds to a fixed system of neuronal inter-
play. Some of these problems have been discussed
by Flock and Wersill and by Dijkgraaf for the side
line organ. We have to elucidate cellular pattern
and neuronal interconnection in the vestibular ap-
paratus to fully understand how economical the in-
formation-transmission is. Nature has solved very
many problems in a very elegant way and still using
very minute dimensions.

QUESTION: Is there any difference in the structure
or innervation of sensory cells in a normal human
subject and an albino?

ENGSTROM: I have never looked with the electron
microscope at the inner ear of an albino animal
except guinea pigs and I have never seen any litera-
ture dealing with that problem although I know that
it is a very interesting one. We have on several
occasions talked about looking upon the sequence of
sensory-cell—nerve-termination loss in some of the
albino animals but it has not yet been done.

MCDONALD: I would like to comment on Dr. Eng-
strom’s micrograph and ask about some of his tech-
nical procedure, particularly whether glutenaldehyde
fixation was used for some of the nerve fibers we
saw.

The second thing I would like to ask or comment
on is that perhaps we are underrating the stereocilia
in all this. It seems like they are more limited to the
ear whereas kinocilia are found in many places, as
mentioned, and in addition in the tail of spermatozoa.
It seems to me that maybe some of this bidirectional
phenomena of Ewald might be explained in the
stereocilia being of varied length so that from the
equilibrium position the cupula may be pushed more
easily in one direction than in the opposite direction.

Third, I might comment on the question of various
types cells. The earlier forms of fish particularly

only have the type II cell, and this may be an evolu-
tionary phenomena of a more specialized structure
developing rather than one of nature planning the
engineering needs beforehand for the particular
types of cells we see.

ENGSTROM: About the method we are using. We
work with 1% 9% veronal buffered osmic acid as fixa-
tive and for high resolution with epoxy resin em-
bedding. For light microscopy we often use acrylate
embedding instead of celloidin. Our specimens are
stained with lead hydroxide or uranyl-acetate. Most
of it is standard technique now universally applied.

Regarding the importance of the cilia at the cellu-
lar surface, I fully agree that the stereocilia pre-
sumably are very important from a functional point
of view. We only wanted to point out that vestibular,
and also cochlear sensory cells are provided with two
different systems of interacting cilia. In all older
literature only the stereocilia have been discussed,
and as it is now known that modified kinocilia play
an important role in olfaction, in vision, and trigger
activity in primitive animals, etc., we have to con-
sider the function of the kinocilia on inner ear
sensory cells also.

The arrangement of the stereocilia on the cochlear
hair cells indicates a functional difference between
the base of the cochlea and the top. The angle inside
the W-formation of the approximately 120 hairs is
at the base around 120° and at the top only 60°.

As to the function of the kinocilium it could be
that it only forms a cytocentrum from which the
stereocilia are formed. It is known that basal bodies
can act as centers for new formation of regularly
arranged organelles as can be seen in many primi-
tive ciliated animals. It took around 60 years for
people to understand the important function of the
modified kinocilia of the eye. It is now around 60
years since the kinocilia of vestibular sensory cells
were first observed so it is high time that we solve
the problem of the functional significance of the
kinocilia and the stereocilia in the inner ear.

SPOENDLIN: The basal body of the kinocilium doesn’t
seem to be necessary for the receptor action of the
sensory cells. There are many cochlear hair cells
without a kinociliar basal body, as for instance in
the cat. The basal body is probably very important
in the evolution of the sensory cells. Once the cell
is fully differentiated it is, however, not any more
essential for the sensory cell function.

As far as the polarization of the macular sensory
cells is concerned, it seems to me that the findings
of Flock on the macula of fish correspond fairly well
with our findings on the maculae of guinea pigs and
monkeys.
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7" An Experimenta] Approach to the Dynamics of the

Vestibular Mechanisms

Jorma I. N1ven, W. CarroLL Hixson, AND MANNING J. CORREIA
U.S. Naval School of Aviation Medicine

A problem of potential significance to
manned space vehicle operations is that of
adverse effects associated with the exposure
of on-board personnel to stress level linear
and angular accelerations of both static and
dynamic form. These accelerations range
from high-level linear G loads during lift-
off and re-entry; sustained near threshold
angular motions arising from vehicle drift
or routine movements of the crew members;
the weightless state itself; and Coriolis ac-
celerations produced by head, torso, and
limb motions when the vehicle or station is
rotated so as to create a gravitational-like
force field. The biological effects of this en-
vironment may be manifested by the appear-
ance of disorientation, of interference with
visual monitoring processes, of inability to
perform operational tasks efficiently, or of
disabling motion sickness. More specifically,
the crewmen may be unable to read critical
instrument displays because of nystagmus-
induced blurring of his visual field or he may
be rendered ineffective by severe nausea or
even vomiting. Any of these factors can
limit the operational efficiency of the human
component of the spacecraft system, and re-
flect on the degree of mission success.

Man’s keen ability to sense and control his
relationship to a force environment and his
motions within that environment originate
in the inner ear anatomy of the vestibular
system. The semicircular canals serve as
the primary biological transducer for the
detection of angular motions while the oto-

lith mechanisms are considered to be the
equivalent sensor for linear acceleration
stimuli. As with the analysis of the over-all
performance of a physical system, the pre-
diction of the over-all response of the vestibu-
lar system to the force parameters of the
space environment must be initiated by
studying the nature of the input sensing
elements. Thus a knowledge of the individual
performance characteristics of the canal and
otolith mechanisms to their driving accelera-
tions serves as the starting point for system
analysis with the collection of quantified re-
sponse data under precisely controlled stim-
uli conditions being a primary objective.
The development of the vestibular field
has been such that a great deal more data
are available to describe the response be-
havior of the semicircular canals than those
available to quantify the stimulus response
characteristics of the otolith mechanism. As
early as 1931, Steinhausen pointed out that
the cupula-endolymph system of the individ-
ual canals can be considered to act as a simple
torsion pendulum with a high degree of
viscous damping, and as such, could be de-
scribed by a simple linear differential equa-
tion of second order. With such a mathe-
matical representation of the canals, the
response characteristics could be related in
analog form to a simple physical system.
About 20 years later, Groen and his col-
leagues experimentally established approxi-
mate numerical values for the coeflicients
of Steinhausen’s equation based on subjective
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sensations of angular rotation on a rotating
chair and a torsion swing. The techniques,
as these experimenters pointed out, are lim-
ited by the sensitivity of the subjects and
their ability to make the required subjective
judgments.

With the work of these investigators serv-
ing as a primary reference, the authors have
developed and are implementing a research
program which offers quantified insight into
the prediction of vestibular response to the
nonphysiological static and dynamic accel-
eration stimuli of the space environment.
The approach is based on the use of sinus-
oidal angular acceleration stimuli of vari-
able frequency and magnitude which can be
objectively quantified in such a form that
the overall response of the oculovestibular
system can be quantified on either an intra
or inter individual basis.

A mathematical formulation of the basic
stimulus-response relationships relating
steady-state nystagmic eye velocity to peri-
odic angular accelerations based on the sys-
tem transfer function concept as well as
objective experimental data has been de-
scribed in detail in recent reports. The for-
mulation begins with Groen’s representation
of Steinhausen’s equation of motion for the
canals with the substitution of the damping
ratio and undamped characteristic angular
frequency performance parameters of the
control and servomechanism areas for the
original coefficients of the differential equa-
tion. The basic form of the equation is

EF 28 é+ 02¢

where

& & & —equivalent angular displacement,
velocity, and acceleration of the
cupula-endolymph system

¢ = equivalent damping ratio of the
cupula-endolymph system
on, —undamped characteristic angular
frequency of the cupula-endolymph
system
—angular acceleration of the skull
representing the driving torque
stimulus

a(t)

By making «a(t) of sinusoidal form and
noting the time lag characteristics of a given
response measure, say the oculogyr#l illusion,
body sensation, or nystagmus, behind the
driving stimulus, a highly attractive experi-
mental technique may be developed. In es-
sence, the magnitude and phase relationships
of the resultant data define the frequency
response characteristics of the system.

The device used to generate the sinusoidal
angular motion stimuli for our early studies
was the Human Disorientation Device
(HDD) shown in figure 1. This device, hav-
ing two degrees of rotational freedom, per-
mits simultaneous and independent rotation
of the subject about Earth-referenced verti-
cal and horizontal axes. The cab and yoke
of the device revolve about the vertical axis;
the cab alone revolves about the horizontal
axis. The HDD is designed for operation
with the subject’s head centered at the inter-
section of the two axes of rotation. The head
can be centered and fixed with respect to the
device by means of an adjustable chair and
head-restraining device. The sinusoidal angu-
lar acceleration stimuli to the semicircular
canals are then generated by applying the
output of a low frequency sine wave gener-
ator as a command signal to the HDD drive
system.

The advantages resulting from the use
of such periodic stimuli become most pro-

US.Navar .
AVIATION gy

Figure 1.—Human disorientation device (HDD).
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nounced in terms of collecting quantified
objective data when they are used in conjunc-
tion with a nystagmus transition technique
that has been developed to describe the time-
characteristics of the response.

In figure 2, there are presented recordings
of an ocular-nystagmus response to a high-
level sinusoidal angular acceleration stimu-
lus. Each tracing represents the observed
response to a single stimulus frequency. The
stimulus frequencies shown range from 0.02
to 0.20 cycle per second. The response curves
reflect alterations in corneo-retinal potentials
recorded from electrodes placed at the outer
canthi of the eyes and represent nystagmic
eye movements in the horizontal plane pro-
duced by oscillation about the Earth-ver-

FREQ. jupnmin
(cps) i

tical axis with the subject seated upright.
The peak angular acceleration was held con-
stant at 40 degrees per second squared for
each test frequency.

It may be noted that the recordings show
characteristic transitions in the direction of
nystagmus related to changes in direction
of the stimulus. Figure 3 presents two such
nystagmus transitions in larger scale. When
a man is accelerated to the left, his eyes
move slowly to the right and return quickly
to the left to begin a new slow movement to
the right. We define a left transition as one
which is followed by such a pattern as
shown in the upper tracing. On the other
hand, acceleration to the right will result
in a slow movement to the left followed by
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Figure 2.—Recordings of horizontal eye nystagmus arising from rotational stimulation of horizontal semi-
circular canals with sinusoidal angular accelerations of variable frequency and fixred magnitude.
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Figure 3.—Typical nystagmus transitions in response to a sinusoidal angular acceleration. F = 0.10 cps;
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quick return to the right. We identify the
point at which such a pattern is initiated a
right transition as in the lower tracing. It
is clear that the slow phase velocity of the
eye in a given direction systematically de-
creases following a change in the direction
of acceleration. It finally has zero velocity
for an instant, and then reversing, gradually
increases in velocity again. As compared to
duration or magnitude measures of nystag-
mic response, the transition technique offers
a readily measurable data point, which is not
heavily dependent on the exact amplitude of
the nystagmic eye motions.

Since the angular acceleration of the skull
represents the driving force producing the
torque stimulus to the cupula-endolymph
system, the phase lag of each nystagmus
transition is referenced to the corresponding
acceleration transition. This procedure is

illustrated in figure 4. The schematic nys-
tagmus represents an eye which has been
responding with slow movements to the
right in response to acceleration to the left.
It then undergoes a right transition through
zero eye velocity in response to an accelera-
tion to the right, producing eye movements
in the opposite direction. The phase shift
or lag is measured as the distance from the
point at which the stimulus acceleration is
zero to the transition point for eye motion
direction. It can also be estimated as the
midpoint between the end of the last pre-
transition slow component and the beginning
of the first post-transition component.

By using variable frequency angular accel-
eration stimuli and expressing the phase lag
of the nystagmus transition response in elec-
trical degrees, a numerical expression of the
frequency characteristics of the overall
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Figure 4.—Relationship of an idealized nystagmus response to sinusoidal stimulus varwables.

system results. Specifically, by experimen-
tally determining the frequency which pro-
duces a 90 degree phase lag, the undamped
characteristic angular frequency o, can be
established; by using a stimulus frequency
much lower than o, a quantified determina-
tion of the ratio 2 ¢/w, (theoretically equiva-
lent to the II/A constant of conventional
cupulometry practices) can be measured, and
by combining the above data, a quantified
description of ¢ results. Thus the damping
ratio and natural frequency of the over-all
oculovestibular mechanism for a specific in-
dividual can be quantitatively defined with
the periodicity of the stimulus permitting
ready replication of data.

Figure 5 presents a demonstration of the
application of frequency response analysis
to the experimental evaluation of the phase
shift angle. Sinusoidal angular accelerations
have been applied about the vertical axis of
a subject. The resultant nystagmic eye dis-

placements in the horizontal direction are
shown for five different cyclic frequencies
of the stimulus source. It should be noted
that the real-time scale-factor has been nor-
malized by increasing recording speed with
frequency so that equal increments on the
horizontal axis represent equal increments
of electrical phase degrees. The actual direc-
tion of the acceleration stimulus is shown in
the upper trace and the onset of a new stimu-
lus direction is represented by markers on
the nystagmus records. The recordings show
the expected directional response, i.e., that
acceleration to the right produces a right-
beating nystagmus with the slow component
to the left and conversely for acceleration
to the left.

Such data have been summarized graphi-
cally for six subjects in figure 6. In each
case, the experimentally determined phase
shift is plotted as solid circles. To these
points there have been fitted theoretical rep-
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Figure 5.—Steady state horizontal nystagmus responses as produced by sinusoidal angular accelerations of
variable frequency applied about vertical axis.

resentations of the observed frequency de-
pendence; the curves were based on values
of the natural frequency derived graphically
as the stimulus frequency at which the phase
shift was 90 degrees, and of the damping
ratio calculated from the observed phase
shift at 0.02 cycle per second. Note that the
natural frequency is in the range of 0.2-
0.4 cycle per second for three of the six
subjects.

The nystagmus transition technique can
be applied equally effectively to an evaluation
of the linearity of the system. If the ocular
nystagmus response were a linear function
of the stimulus acceleration, then it would
be possible to demonstrate that the waveform
of the output response would not be affected
by variations in the amplitude of the stimu-

lus. Such variations should be reflected only
in the amplitude of the output response, that
is, the velocity of the slow component. On
the other hand the phase difference between
the stimulus acceleration and the nystagmic
eye motions should remain constant; that

, there should be no change of phase even
when the magnitude of the torque is changed.

The effectiveness of this technique in re-
vealing nonlinearities is demonstrated in
figure 7. Test persons- were exposed to each
of four frequencies of sinusoidal angular
acceleration stimuli. At each stimulus fre-
quency they were subjected to several differ-
ent magnitudes of peak acceleration. It is
evident from the trends of the data that little
change in phase occurs for the 0.08 and 0.20
cycle per second range of stimulus magni-
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Figure 6.—Actual and theoretical nystagmus phasc shift as a function of frequency.

tudes. The constancy of the phase shift in-
dicates that here the cupula-endolymph sys-
tem is responding in a linear range. As the
stimulus frequency is decreased to 0.04 and
further to 0.02 cycle per second, the phase
shift increases more and more for a given
increase in the magnitude of the stimulus;
i.e., the slope increases noticeably.

If these same data are replotted in figure
8 in the frequency response form, a rough
estimate of the damping present in the sys-

tem can be made by observing the relative
slope of the phase curve. A system with
little damping has a greater slope; that is,
the observed phase shift will increase more
rapidly with an increase in the frequency
of the stimulus. It can be readily seen that
the estimate of system damping would vary
as a function of the stimulus magnitude se-
lected by the experimenter.

Data describing the damping/stiffness
ratio of the canals are shown in figure 9 as
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Figure 7.—Nystagmus phase shift data from four subjects plotted versus peak ucceleration level of sinusoidal

angular acceleration stimulus

a function of the magnitude of the accelera-
tion stimulus. The decrease with increase
of stimulus strength probably reflects satura-
tion or overloading effects which may arise
with single excessive stimuli or as a result
of habituation associated with repeated ex-
posure to aerobatics or similar acceleration
exposures. We have found also in pilot ex-
periments with individuals confirmation of
Aschan’s findings that the damping/stiffness
ratio based on nystagmus will reflect differ-
ences between degree of habituation. If cal-
culated separately for right and left accelera-
tions, it often reveals directional differences
between the two ears, where the caloric test
shows no difference. High values of 2¢/,
seem to be associated with sensitivity to

for various cyclic frequencies.

motion sickness. It is also of interest that
we have observed high values of natural
frequency in subjects resistant to motion
sickness.

In effect, these magnitude data offer a
quantified approach to the identification of
the nonlinearities long associated with the
response of the oculovestibular system. In
fact, they demonstrate that the deviation of
nystagmus magnitude responses to ramp or
impulse type stimuli from the idealized loga-
rithmic form are readily covered by Stein-
hausen’s equation of motion by application
of nonlinear mathematics. The data in gen-
eral demonstrate the integrative action of
the system as the stimulus frequency is
raised and approaches the frequency spec-
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Figure 8.—Nystagmus phase shift data from four subjects plotted versus the cyclic frequency of sinusoidal
angular acceleration stimulus for various peak acceleration levels.

trum of normal physiological head motions
which is predominately above the natural
frequency o,.

Up to this point, the discussion has been
concerned primarily with the development
lines of an experimental technique for the de-
termination of the performance characteris-
tics of the semicircular canals in their trans-
duction of angular accelerations and with a
brief survey of potential applications. Linear
accelerations and the otolith organs are ob-
viously of equal interest. The School has
recently placed into operation a new device,
the Coriolis Acceleration Platform, shown in
figure 10, which can produce the sinusoidal
linear accelerations necessary for a frequency
response analysis. A 40 foot track extends

through the center of the capsule. On this
track is a platform to which various seating
devices can be attached. The platform can
reach a peak linear velocity of 16 feet per
second and a peak linear acceleration of 3 g’s
with a payload of 500 pounds.

Qur initial efforts with this device have
been directed toward observing the response
to periodic linear acceleration stimuli of
sinusoidal form. A preliminary study has
been completed in which frequencies of 0.2,
0.4, 0.8 cycle per second were used, all with
peak linear accelerations of approximately
0.6 g in the Earth-horizontal direction. The
results are of real interest to the vestibular
field.

Figure 11 shows DC corneo-retinal poten-
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tial recordings of eye displacements recorded
at these test frequencies. The orientation of
the subject with respect to the track move-
ment was such that the stimulus was acting
in his horizontal plane with his head rigidly

Figure 10.—Coriolis acceleration platform (CAP).

fixed by a custom-molded, plaster head cast.
The resulting sinusoidally varying horizontal
nystagmus shown in the figure was quite
unexpected, as we had instead anticipated,
at most, only sinusoidal eye motions without
nystagmic beats.

The subject was then reoriented to bring
the stimulus acceleration into the frontal
plane (fig. 12). Again there resulted a
sinusoidal horizontal nystagmus, which, both
in this figure and the previous one, has the
general appearance of the nystagmus pro-
duced by angular acceleration stimulation of
the canals. However, there are basic dif-
ferences; measurement of the phase lag in-
dicates quite different orders of magnitude.
For example the phase angle was about 25
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Figure 11.—Horizontal nystagmus response to a periodic linear acceleration applied in the frontal plane.

degrees at 0.2 cycle per second for the linear
stimulus as compared to 85 degrees for an
angular stimulus for the same subject.

It was not found possible, however, to ob-
tain similar vertical nystagmus patterns
when the subject was oriented in the head-
foot direction (fig. 13) or the fore-aft direc-
tion (fig. 14). Eye movements were non-
existent, random, or marked by blinks or
similar artifacts.

These results show for the first time strong
highly systematic, stimulus bound, horizontal
nystagmus produced by periodic linear ac-
celeration stimuli whether the subject’s head
was lightly constrained or rigidly fixed dur-
ing his linear oscillations. The authors take
care to note that these data (discussed in a
paper by J. I. Niven, W. C. Hixson, M. J.
Correia entitled “The Elicitation of Hori-
zontal Nystagmus in Man by Periodic Linear

Accelerations” in preparation) do not allow
the precise responding mechanisms, i.e., oto-
liths or canals, to be identified.

All the previously described efforts are
based on using precisely defined periodic as
well as transient linear and angular accelera-
tion stimuli, making quantified measures of
response data, and the assimilation of the
resultant input-output response relationships
in a form that will allow the dynamic charac-
teristics of the various elements of the vestib-
ular system to be separately defined. With
this program, it is hoped to establish objec-
tive measures which will facilitate a quanti-
fied approach to the evaluation of potential
deleterious effects of continued, bizarre ac-
celeration environments on the vestibular
mechanisms, as well as afford objective func-
tional indices of vestibular status for selec-
tion purposes.
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Figure 12.—Horizontal nystagmus response to periodic lincar acceleration applied in horizontal plane.
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DISCUSSION

BERGSTEDT: I found especially the last part of the
paper very interesting. It could point to the otolith
organ as really producing nystagmus. I would sug-
gest that there is real reason to be careful in inter-
pretation. Many subjects, so-called not normal sub-
jects, show positional nystagmus about 20 to 30 per-
cent as a result of hangover from alechol, or of other
causes, too, and I wonder whether you have found
results of different intensity in different individuals,
stronger in some than in others.

NIVEN: There were individual differences in sub-
jects’ responses. It is one reason why these tests
show promise in being able to differentiate among
individuals. However, the horizontal nystagmus was
quite clear cut for each subject.

BERGSTEDT: I agree with you that the different time
lags for the linear and angular oscillation stimuli
could point to the otolith organ.

NIVEN: Well, we are not willing to go that far yet.
We have presented these data simply as evidence
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Figure 13.—Vertical nystagmus response to periodic linear acceleration applied in head-foot direction.

that highly systematic ocular nystagmus can be
produced by sinusoidal linear acceleration stimuli.
I might add one interesting observation. In one of
Dr. Money’s squirrel monkey preparations all six
semicircular canals had been plugged. Caloric and
rotational tests indicated that there was no remain-
ing canal function. When we exposed them to similar
linear oscillations, there was no observable nystag-
mus. A control monkey with functioning canals and
normal responses gave us the same type of tracing
that we have shown. It is a little too early to take
a definite position.

M. JONES: Your data seem to suggest that at about
3-4 cps angular head movement there would be a
poor dynamic response of the vestibulo-ocular reflex
system. Yet if I shake my head about a vertical axis
at these frequencies, I seem to have a beautifully
fixed retinal image, as evidenced by a strikingly clear
visual impression of the scene I am looking at. Do
vou think it possible that the responses elicited by
you at low frequencies might be attributable to non-
adapting neural units in the primary vestibular
afferent nerve fibers, of the kind demonstrated by
Groen, Lowenstein, and Vendrik? Perhaps at higher

frequencies additional adaptive neurons are brought
into play, thereby improving the frequency response
of the system as the frequency of head movement
increases.

NIVEN: Certainly at the lower frequencies I indi-
cated the existence of nonlinearities although at the
higher frequencies the system seemed to be operating
in a linear fashion. We have no direct experimental
data on phase shift above 0.2 cycle per second,
because of apparatus limitations.

WENDT: I collected data of this kind back in 1930
and analyzed the turns successively. It has been a
long time since I published the paper, but, as I recall
the data, there are progressive changes in phase
relationships as you go along from the first turn to
the second, third, fourth, ete. There were also very
considerable individual differences especially based
on any pre-existing imbalance of the vestibular re-
sponse of the subject. I wonder whether you ana-
lyzed these data from this point of view.

NIVEN: We found small but inconsistent alterations
in phase during short-term exposures for a given
subject, although there were individual differences
and directional differences in some subjects.
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Figure 14.—Vertical nystagmus response to periodic linear acceleration applied in fore-aft direction.

STEELE: The eye movement is not to compensate for
acceleration but for motion relative to a stable iner-
tial-reference system. For phase shift, you should
calculate zero eye movements against zero movement
of the subject. This would be an integration of the
acceleration and when you are calculating the fre-
quency of the system, it does matter which phase
relationship is regarded as zero. It would have been
more to the point to have used the actual velocity
rather than the acceleration because if the system is
working perfectly, you will find zero phase shift
between eye velocity and head velocity. At maximum
acceleration (in sinusoidal movement), the eye veloc-
ity should be zero.

NIVEN: That’s one way of looking at it, but you can
use either, and acceleration is the stimulus that re-
sults in the eye movement rather than velocity per
se. Since angular acceleration serves as the torque
driving stimulus for the cupula-endolymph system,
the authors have always referenced nystagmus phase
lag response measures accordingly. These data may
be readily plotted against angular velocity, or even
angular displacement, by noting the constant 90
degree phase difference which exists between si-
nusoidal displacement and velocity as well as be-

tween velocity and acceleration. In interpreting the
functional performance of the system when exposed
to rapid head motions one can certainly realize eluci-
dative advantages by considering the nystagmic
response to the instantaneous angular velocity of
the head. Our data serve to reinforce Steinhausen’s
highly damped torsion pendulum concept by clearly
outlining the integrative nature and thus the velocity
nature of the system at the higher stimulation fre-
quencies. Further these data do not imply that this
integrative facility will be lost in the frequency
spectrum of rapid physiological head motions.

QUESTION: If you have the same subject and deter-
mine the phase shift from subjective judgments and
from your method, how big is the difference in the
natural frequency?

NIVEN: There is quite a bit of difference. The nat-
ural frequency from nystagmus data apparently
runs much higher than from subjective sensations of
body rotation or from reports of the oculogyral
illusion. Our problem was, however, especially at
the higher stimulus frequencies, such a great vari-
ability of the subjective measures that we could not
place much reliability on them.



10937
/4 Y
s

- The “Match” of the Semicircular Canals to the Dynamic

Requirements of Various Species

RoBERT MAYNE

‘Goodycar Aerospace Corporation

\@!\D

SUMMARY

The concepts of frequency response and elementary information theory are utilized
in this paper to extend an investigation by Jones and Spells (1963) into the adaptation
or “match” of the semicircular canals to the dynamic requirements of various species.

INTRODUCTION

Jones and Spells (1963) used dimensional
analysis to investigate the effect of critical
dimensions of the semicircular canals on their
dynamic characteristics and to determine the
likely relation between the weight of species
and the speed of their movements. They
obtained, then, measurements of the canals
of a large number of species and showed that
the dimensions of the canals could be gener-
ally predicted as a function of weight with
the assumption that these sense organs are
adapted to the dynamic requirement of the
animals. They showed that very small
changes in the internal radius and radius of
curvature of the canals were sufficient to pro-
vide suitable match for very large weight
variations.

The application of frequency response and
elementary information theory to the anal-
ysis was discussed in private correspondence
with Jones and is presented here for what-
ever additional insight it may give into the
problem.

The history of the evolution of the theory
of the semicircular canals is too well known
to bear repetition here. Suffice it to say that
Steinhausen (1931) expressed the behavior
of the canals by an equation of the form:

64 L6+ P9 =0 (1)

WML

With oscillatory motion impressed on the
head, the equation becomes:

6+ Lo+ P = Ao?sin ot (2)
where
g — angular displacement of the endolymph
fluid
[
L=71
A
P=7
and
& — the moment of viscous friction exerted
on the endolymph per unit angular
velocity

I — moment of inertia of the endolymph

A — elastic moment exerted on the en-
dolymph per unit angular displacement

A = maximum angular displacement of the
head
o = circular frequency of the oscillation

The system is greatly overdamped, and the
theory expressed by equation (1) has been
called that of the “overdamped pendulum.”
Van Egmond, et al. (1948-1949) ; Groen, et
al. (1948, 1952), explored numerous aspects
of the behavior of the canals of man and of
the ray on the basis of the above formula-
tion and calculated the constants of the equa-
tion. Mayne (1950) computed the frequency

57
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response of the canals for ranges of fre-
quencies said to represent normal body move-
ments.

The response of a system defined by the
equation (1) can be expressed as a ratio of
output to input or by a so-called “transfer
function.” The transfer function may be in
terms of endolymph displacement output to
acceleration, velocity, or displacement input.
It can be assumed that cupular displacement
and, therefore, semicircular canal output
signals are proportional to endolymph dis-
placement. Figure 1 shows a plot of the three
transfer functions for the canals of man on
the basis of constants computed by Mayne
(1950). It will be noted that there are ranges

of frequency where the response is flat for
each of the three forms of input. Obviously,
a highly desirable characteristic of a measur-
ing instrument is a flat response to the
quantity to be measured. This permits a
direct reading of the quantity without com-
plicated corrections. A flat response is partic-
ularly important in the case of the measure-
ment of transient phenomena since without
it a different correction would be required
for every frequency component of the tran-
sient. The semicircular canals could then be
used as accelerometers, velocity meters, or
seismographs in different ranges of fre-
quencies.

We note, however, that the range of fre-

1
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Figure 1.--Transfer functions of the semicircular canals of man for acceleration, velocity, and displacement
inputs.
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quencies or “bandwidth” where the response
to velocity input is reasonably flat, is roughly
from 0.04 cps to 4 cps and this appears to
cover the range of body movements. In con-
trast, flat responses to acceleration and dis-
placement lie in ranges below 0.002 cps, and
above 100 cps, respectively. Obviously, oscil-
lations having a period of more than eight
minutes, or less than ten milliseconds, are
not within the range of normal body move-
ments. We say, then, that the semicircular
canals are adapted to measure the velocity of
the body’s transient movements within a
range of frequencies, and to the accuracy de-
fined by the frequency response curve of fig-
ure 1. Van Egmond, et al. (1949), stated
that ““... the function of the semicircular
canals is to control body movements by in-
dicating the attained velocity and the angle
of rotation executed.” The statement agrees
with the present view although obviously
“the angle of rotation executed” i5 not given
directly by the canals, being the result of
further neural computations, but is ambigu-
ous unless the limits of frequencies for
which it is true to a given accuracy are in-
dicated.

It is well known that any transient phe-
nomenon, such as the sound of music, or a
body movement, can be expressed as a sum-
mation of pure sinusoids of various fre-
quencies, amplitudes and phases by a so-
called Fourier transform. The characteris-
tics of body movements of various animals
vary with their size and it is the purpose of
this investigation to extend that of Jones
and Spells in determining how the semicircu-
lar canals are matched to these characteris-
tics. Four numbers are significant in defin-
ing the behavior of the semicircular canals—
the upper range of the frequency band, the
lower range of the frequency band, the reso-
lution, and the limit of linearity. We shall
be concerned here mainly with the first three.
It must be emphasized that equation (1) rep-
resents only a first approximation of the
canal behavior. So-called “adaptation” is
known to modify considerably the response

of the canals (Guedry and Ceran, 1959), but

perhaps mostly outside the normal bandwidth
of the system. We shall neglect this phe-
nomenon in this paper.

UPPER RANGE OF THE FREQUENCY BAND

The upper and lower limits of the fre-
quency bandwidth may be defined in terms of
the so-called corner frequencies. These fre-
quencies define a point in the spectrum where
the response is 0.707 of the maximum and
the phase shift 45 degrees. The corner fre-
quencies do not correspond in any way to the
usable bandwidth as the distortion is con-
siderable at those values, but they are con-
venient points of reference. The upper corner
frequency (f,) of a highly overdamped sys-
tem such as the semicircular canals is ex-
pressed to a close approximation by the
formula :

_ L
fo = 5. Cps (3)

L can be computed from hydrodynamic con-
siderations and the Hagen-Poiseuille law of
laminar flow in small circular pipes.
Schmaltz derived the formula
8

L = p—;g (4)
where
n == coeflicient of viscosity of the endolymph
p = density of the endolymph
r — internal radius of canals

Van Egmond, et al. (1949), altered the

formula to:
4

L = p—}z (5)
on the ground that the canals include only
half a circumference, the remaining portion
consisting of the very much enlarged utricle.
It appeared to them that viscosity in the
utricle could be neglected. There are reasons
to believe that the alteration of the formula
cannot be justified on this ground. It is
valid, however, in showing that the top corner
frequency is inversely proportional to 72
We then turn to an investigation of the likely
maximum frequency of body movements of
various species. We first consider mammals
alone for reasons that will be discussed later.
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Jones and Spells used dimensional analysis
to relate canal dimensions to animal weight.
They expressed equation (1) in dimensional
parameters and derived a relation for the
speed of head movement of various animals
as a function of their mass. They argued that
higher “sensitivity” of canals should cor-
respond to the more sluggish head movement
of heavier animals. Dimensional analysis
then led to the conclusion that both 72 and R
should vary as the same function of the mass
m of the animals. The concern of this paper
is for frequency, more specifically the upper
and lower frequencies in a flat bandwidth of
response, but the results of both methods of
analysis are generally similar. Frequency
has the same dimension as angular velocity
and the two are numerically equal for unit
angular amplitude of oscillation.

While Jones and Spells are undoubtedly
correct in assuming that the semicircular
canals should be matched to the head angular
movement with respect to the body, it would
seem that they should also be matched to
gross body movements. Mayne (1950-1951)
suggested that the main function of the
vestibule is to act as proprioceptive sensor
for gross movements of the body when no
other sensors can supply the information. It
is possible to derive expressions for over-all
body motions as a function of mass similar
to those obtained by Jones and Spells for
head movements with respect to the body.

The body-muscle system of a mammal
may be considered as an oscillatory system
with moment of inertia, damping and restor-
ing moment. The restoring moment is that
due to the muscle system operating under
feedback control. The stiffness of the sys-
tem depends on gain and is adjustable, de-
pending on the desired speed of movement.

There is, however, a maximum effort or a
maximum power which a muscle system can
exercise or develop as limited by its size and
weight. If we assume that the maximum
angular amplitude of movement is the same
for all animals, the maximum moment de-
veloped by the muscles of various animals

corresponds then to the same displacement,
and we can write:

M max
Amax o« A (6)
where

Anay = the maximum stiffness of the sys-
tem
M,... = maximum moment

A = maximum amplitude of motion of
the body within the limits of lin-
earity of the system

Since A is a non-dimensional constant, we
have:
Apax < Mmax

and therefore,
/Mmux

Wmax X \/ — I (7)
where:
omax — Mmaximum frequency of oscillation
I = the moment of inertia

We now attempt to determine the likely
relation of M, to the mass (m) of animals.
We assume first geometrical similarity be-
tween animals corresponding to a similar
allocation of weight to muscles. Jones and
Spells assumed further that the maximum
moment which can be exerted by the muscles
is proportional to the weight of the animal.
It would be more realistic to assume that

the power or energy rate (E) is so propor-
tioned.
We can write:

Emn.\ — [éiM]mzlx (8)

where :

(9,' = A sin ot
and

6, = Aw COS ot

M = —A1 +» sin ot
then:

E — — A% 1 Y% §in 2 ot
giving

E’m:l.\' o« I ("3mﬂx (9)

According to previous assumption :

Emux < m
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if we take
I < ms/3
we have:

omax @ 5/ _m

V /,_n?/s— o« g e (10)

Under the same assumptions of geometrical
similarity, Jones and Spells obtained an

angular velocity proportional to _fn% The

difference between the two results, outside
of the formulation in terms of velocity in-
stead of frequency, is based on the different
assumptions as indicated above.

It can be shown that the damping of some
body control (Mayne, 1951) for high gain
is nearly critical. The maximum frequency
of body oscillation as calculated above should
represent, therefore, the upper limit of
linear operation of the body movements.

Jones and Spells argue that the relation of :

1
/,nl/l-l

represents too rapid a decrease of angular
speed of movement as the mass of animals is
increased. If true, this relation would mean
that the linear speed of movements would
remain constant regardless of animal size,
and the paw of a tiger would then move
linearly no faster than that of a cat. Relation
(10) provides a somewhat slower decrease of
frequency with weight but appears still too
fast. The difficulty is apparently with the
assumption of dimensional similarity be-
tween animals. In the first place, it is prob-
ably not possible to maintain the same ratio
of muscle weight to body weight as the ani-
mals become smaller. There must be limits
in the way the skeleton, and other non-power
producing parts of the body can be miniatur-
ized. Jones and Spells point out that in order
to keep gravitational stresses constant, more
muscle must be provided than determined
by dimensional similarity, and therefore
more muscle is available for turning the head.
On the basis of this assumption, they obtain
the relation:

* iz

where « is again the speed of movement.
They argued that the true exponent of m
should be between 14, and ;. We may use
still another criterion; namely, that accelera-
tion stresses on the body should be constant.
We could then write for both centrifugal and
reversal stresses:

"’2111;1\ £ = C (11)
We would then have:
/T 1
Omax & \/ 7 = W (12)

Jones and Spells find that the dimensions of
the internal radius of the semicircular canals
of mammals can be related to the mass of
mammals by the expression:

log,o 10072 = (0.1433 =0.0421)
logio m + 0.0406 (13)

The equation can be modified to express f,
directly. The constant of proportionality can
be determined, approximately, on the basis
of data on the semicircular canals of man,
giving an upper corner frequency of 32 cps
for a mass of 70 kg. With the average ex-
ponent of m the equation becomes:
£~ 58.5
o mﬁ.143
It will be noted that the exponent of m is
0.143 or ¥ instead of 1} as in equation (12).
This figure agrees also with Jones’ and
Spells’ statement that the exponent should lie
between 14 and 1,,. We can well agree with
them, also, that the next step in the inves-
tigation should be one of measurement of the
spectrum of the body movements of specific
animals. The allocation of weight to muscles,
organs, and skeleton could then be deter-
mined together with critical dimensions of
canals. Some of the differences in canal
dimensions of different species of the same
weight can only be reconciled on the basis oi
such specific investigation. Weight is ob-
viously not the only consideration determin-
ing the upper frequency response of an ani-
mal.

(14)

LOWER RANGE OF THE FREQUENCY BAND

The upper corner frequency of the canals
is a measure of the maximum frequency at
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which the canals give reliable velocity infor-
mation within amplitude limits of linearity.
Similarly, the lower corner frequency is a
measure of the lowest utilizable frequency.
As mentioned above, the corner frequencies
are convenient points of reference but do not
represent the limits of the usable bandwidth
which is much narrower. Some body motions
may utilize the higher portion and others the
lower part of the bandwidth. A diver, for
instance, may utilize the upper range in the
control of a 114 turn from a low board and
depend on the lower limit in a swan dive
from a high board. The canals of an air-
plane pilot in a turn are operating below their
normal range of frequencies and may cause
abnormal sensations.

The lower corner frequency is given to a
close approximation by :

1
fr=5- (15)
where r is the time constant represented by
L ®
T=% =3 (16)

Van Egmond, et al. (1949), showed that from
elementary hydrodynamic considerations:

& = 8 R* (17)

where 4 is a constant as defined in equation
4).
Jones and Spells give

A = ar?uR (18)

where y is the coeflicient of elasticity assumed
to be constant.
From these two relations they derived :

(19)

If the ratio of the high frequency in the band-
width to the low frequency is to remain the
same for all species, r should then be ex-
pressed as a function of the same power of
animal mass as 72. This should be nearly
realized by expression (19), for if +2 and R
are similar functions of (m) as predicted by
Jones and Spells, we should have:
Rz

Ta g R « 7r? approx.

(20)

However, Jones’ and Spells’ measurementy
show that 72 and R are not exact functions of
the same power of m. Furthermore, the re-
lations between canal dimensions and mass
represent only averages for a large number
of animals and there are wide variations for
species of the same weight. While equation
(20) may be nearly true as an average, it
does not necessarily apply even approxi-
mately to a specific specie. It gives, for in-
stance, values at wide variance from the ex-
perimentally derived time constants for man
and for a ray. At the same time a plot of
these values versus the mass of animals does
not indicate a statistically significant rela-
tion. It would seem better to express the
probable value of the time constant directly
as:

(21)
Equation (19) is derived by Jones and Spells
under the assumption that . is constant in
equation (18). We next derive the value
of - without this assumption so that we may
observe possible variations of cupula stiff-
ness.

We assume that ampullae and cupulae of
different sizes are geometrically similar. The
total pressure on the cupula is equal to the
pressure times the cupula area which may be
taken as V?2/3 where V is the volume of the
ampulla. The moment M on the hinge is
then:

22
T o 1

Me « 2P Vi3 Vit o« PV
where :
M — elastic moment per unit deflection of
cupula

(22)

¢ = angular deflection of cupula

But we can also write from equality between
the volume of endolymph displaced in the
canal and that swept by the cupula:

0°R o« e VI3V23 « V (23)
Combining equations (22) and (23):
_ 6MrR
P = =5 (24)

But A is the moment on the endolymph per
unit displacement so that:
Pr:R
6

o
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or, from equation (24)

MrR?
« 7 (25)
From
r — ®/A and equation (17) we derive:
RV?
L vy (26)
and from equation (21):
M « EK (27)

Expression (27) indicates how M should be
adjusted to other dimensions of the canals
to make r proportional to 7.

From equation (25) it can be shown that
Jones’ and Spells’ assumption that  is con-
stant in equation (18) corresponds also to
a variable M as expressed by:

V2
M « Y
It appears, therefore, that cupula stiffness
must be introduced as one of the adjustable
parameters determining canal characteris-
tics. Nor can we assume that elasticity is
always a rigid function of canal dimensions.
Experimental data by Van Egmond, et al.
(1948), indicate, for instance, that the stiff-
ness of the cupula for clockwise is different
from that for counter-clockwise rotation as
judged by cupulograms of subjects having
suffered unilateral loss of a labyrinth. Equa-
tion (27) is based on the assumption of the
same bandwidth for all animals. It is more
likely that larger animals would have a wider
bandwith so that - may be proportional to a
function of » greater than two.

From equation (13) and a time constant of
10 for man having a mass of 70 kg, we de-
rive the following expression using the aver-
age coefficient of m:

(28)

0.03

fo = preTRYe] cps (29)

Table I gives some computations of r on vari-
ous bases in comparison with experimentally
derived values.

RESOLUTION

Resolution of a measuring instrument is
usually defined as the reciprocal of the size

Table I.—Computations of - on Vartous
Bases

[The constants in the expression for r are computed
to give + = 10 for man.]

T =
Species |Mass };:n}g;i?l' 0ﬁ5 5(‘);07:
e
Man ______ 70 @10 10 10
Ray ______. 10 b 35 8.6 55
Mammals <.] 10 - 5.5 7.2
Fishe______ 10 - 10.4 26.5

2 Van Egmond, et al. (1948-1949).

" Groen, et al. (1932).

« Computed from data taken from Jones and Spells
(1962).

of a resolvable element which may be, in
turn, taken as a measure of the limit of ac-
curacy of the instrument. A navigational
system, for instance, which measures veloc-
ity to an accuracy of plus or minus three
feet/second may be said to have a resolv-
able element of six feet. Another character-
istic of a measuring instrument is the ratio
of the maximum amplitude of the quantity
it measures to the size of the resolvable ele-
ment. This ratio is usually expressed in db
and is designated as the dynamic range of
the instrument.

Physiological sensors can be assumed
similarly to possess characteristics such as
resolution and dynamic range. Fechner is
generally credited with the pioneering work
in the determination of the size of the resolv-
able elements of various sensors or ‘“just
noticeable differences” (jnd). His studies
indicated that the jnd must be specified in
statistical terms. More recently his work
has come under considerable scrutiny, with
an application of statistical theory of signal
recognition (Swets, 1964).

The experimental determination of jnd
generally involves the statement by a sub-
ject that he does or does not perceive a
change in a sensation, be it the pitch of a
tone, the weight of an object, or the intensity
of a light when the stimulus is increased
gradually. The experimental situation, there-
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fore, involves higher neural or mental funec-
tions in the way of perceptions and their
verbalization. The work of Swets has
been directed in part toward the isolation
of the physiological reaction from the “noise”
created by these higher functions.

The semicircular canals are designed to
operate autonomically in the control of body
movements. It would seem that their resolu-
tion should be determined on the basis of the
analysis of thoroughly habituated motions
in which higher functions have no part
(Mayne, 1951). Any professional golfer
needs no demonstration that higher mental
functions can introduce severe ‘“noise” in
the control of body movements and will work
hard to acquire a mechanical, so-called
“grooved swing” as independent as possible
from any conscious interference.

For the purpose of this study we will as-
sume there exists a semicircular canal resolv-
able element. We recognize this element
should be expressed statistically. We asso-
ciate this element with the autonomic control
of body movement, free from the interfer-
ence of higher functions. Within these limi-
tations we let:

n — number of resolvable elements for
maximum amplitude of velocity
input within the limit of linearity.

n may be considered as a measure
of resolution.
The maximum number of resolvable elements
processed per second is then:

(30)

There is a similar expression in communica-
tion engineering—the so-called ‘“Hartley
Law”—differing mainly from the above in
its logarithmic formulation. The physical
justification for the formulation of the
Hartley Law is that it expresses a measure
of the required complexity of a channel
needed to handle a given rate of yes and no
pieces of data assuming optimum coding.
The nature of the physiological coding of
sensor data is not known in the way of what
“trade-offs” may have been made between
simplicity of coding and simplicity of chan-

nmux o« fi[ n

nels. The formulation of (30) is left pur-
posely loose so as to be free from any impli-
cations in this regard. It should correspond,
nevertheless, to an adequate physical con-
cept for the purpose of this paper.

We investigate now the relation between
canals, ampulla size, and cupula deflection
for unit change in angular velocity input.
The solution of equation (1) for a region
within the bandwidth gives very nearly:

A = ab;

2 (31)

where
A8 = an increment deflection of endolymph
corresponding to:

Af; = an increment of velocity input

. 1
Since L « ~z we have:

Al < Aéﬂ'z (32)
The volume of endolymph delivered to am-
pulla is then:
AV « AG1*R « A6 Rr
The cupula deflection becomes:

AV Aﬁl R/)"I’
Ae « *V o« 1% (33)
and:
Ae R
— « 34
A6, % (34)

If we assume that a resolvable element
corresponds to a constant increment of de-
flection § of the cupula, expression (34) is
then proportional to the number of resolv-
able elements per unit change of angular
velocity of the head and to ». On the other
hand, we can assume that the number of re-
solvable elements is some function of the
number of cells in the cristae. Let us as-
sume, or guess, “pour fixer les ideés,” that
the number of sensory cells in the cristae is
proportional to the volume of the ampulla
and that because of the random stimulation
the number of resolvable elements is pro-
portional to the square root of this number.
We then have from equation (34):

R
V1/2

n o
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and from (30) :

Rrt
‘[/'1/2
It may be noted that if V « 7R as indicated
by Jones and Spells, this equation would
become :

(35)

Npax < N

1
Rr
It may be well to retain equation (35) be-
cause of the variability of the relation be-
tween V and r°R.

(36)

Nmax

THE SEMICIRCULAR CANALS OF FISH

Jones and Spells point out that the dimen-
sions of r and R for fish are relatively large
compared to those of mammals. The con-
trast of these dimensions is shown in table
II taken from their paper.

Table II.—Dimenstons of r and R for a Mam-
mal and a Fish Each of 10 Kg Mass

Animal class r (mm) R (mm)
Mammal __ __________ | 0.12 2.30
Fish ____ ] 0.23 5.99

Table 1 also indicates values of experimen-
tally determined time constants for man and
for the ray. The dimensions of the canals
correspond to a very much lower bandwidth
of frequency response for fish than for
mammals. It is easy to visualize why this
should be so.

The head of the fish is fixed to the body
without a connecting neck; the rotation of
the head can only take place with a rotation
of the body. The analysis of Jones and Spells
regarding head movements is, therefore, not
applicable. But neither is our own analysis.
There is nothing in the turning of a fish
which corresponds to that of the torso, or
to a jump. The fish must have forward mo-
tion in order to turn, and in this character-
istic it resembles a ship, an airplane, or even
an automobile. There may be small restor-
ing rolling moments when the fish is sta-
tionary, but these appear rather inconse-
quential. The fish applies the bulk of its
power to obtain forward motion and then

needs to exercise only small control forces
to effect a turn. The angular speed of the
turn depends on the linear velocity of the

fish as he enters the turn, the amount of

control forces, and is limited by fluid dy-
namic considerations such as the stalling of
control surfaces under excessive lift, and
probably by centrifugal force stresses. There
is no correspondence between this situation
and that of a mammal where estimated mus-
cle power and moment of inertia determine
a frequency of oscillation. It is easy to see
why Jones and Spells could not obtain statis-
tically significant relations between canal
dimensions and the mass of fish. The turning
radius of a fish must be relatively large and
must correspond to relatively low angular
speed, related in turn to a lower bandwidth
of frequency.

The vestibule of a fish is no doubt one of
the key sensors in the computation and con-
trol of the beautiful pursuit course executed
by a trout in catching a minnow, or the
evasive maneuvering of a fish under attack.
The relative size of the canals for mammals
and fish is one of the best illustrations of the
match of these sensors to biological systems.
It may be noted that the above discussion
applies also in some degree to birds and their
canals have somewhat larger dimensions
than mammals of the same weight. The dif-
ference is less, however, than for the fish
because birds must be adapted for movements
on the ground as well as for flight.

DISCUSSION AND CONCLUSIONS

The present investigation, as far as it goes,
confirms the broad findings of Jones and
Spells (1963) regarding the matching of the
semicircular canals to the requirements of
various species. However, while Jones and
Spells indicate that this match can be ac-
complished by adjustments of two independ-
ent parameters—the internal radius and the
radius of curvature of the canals—the pres-
ent paper suggests that five adjustable pa-
rameters are needed to provide an appro-
priate degree of flexibility in the design.
These parameters are said to include: the
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internal diameter of the canal, the radius
of its curvature, the volume of the ampulla,
the stiffness of the cupula, and possibly the
number of sensory cells in the cristae. The
next step in the investigation should be one
of experimental measurement of body move-
ment, canal characteristics, canal dimen-
sions, and attempted correlation of the data.

If an engineer were to be given the task
of designing a semicircular canal having
specified to him by the system group an upper
and lower limit of frequency bandwidth and
a maximum processing rate of resolvable
elements, he might proceed as follows. He
would write down the three equations relat-
ing these quantities to canal parameters.

1
fu — CIF (a)
. My
fr = e pym (b)
. 7R
n = 03717._, (c)

where the constant of proportionality would
have been established. He would first select
r? from equation (a) to give the desired f,,
and would substitute this value in (b) and
(e), giving:

, M
fo = ¢y (d)
, R
"= G iz (e)

From (e) he would obtain:
V? = ¢¢ R* (f)

since 7 is known.

Substituting in (d) would give:
M
{ Rﬁ
Reasonable values for M and R would then
be selected from (g) on the basis of good de-

(g)

fo = ¢

sign practice and space available. The valu@
of V would then be determined from (e).

But our engineer would really have per-
formed only a routine function in the design
of the canals. The more difficult job would
have been done by the system group in ar-
riving at specifications for f,, f;, and n to
provide suitable match of the system in all
possible respects such as power available in
muscles, information handling capacity of
neural channels and processing centers, reso-
lution of time, resolution of force and posi-
tion in body proprioceptive sensors, and, of
course, the desired function of the system.
An error analysis would have been made
allocating an appropriate portion of the
maximum overall permissible error to every
component, including the semicircular ca-
nals.

The notion that components of a biological
system are matched is at the root of the
basic motivation to undertake investigations
such as conducted by Jones and Spells. It
originates from an assumption of efficient
design and economy in the configurations of
nature. An overdesigned component in a
system is wasteful in that its performance
is limited to that of other components. An
underdesigned component is also wasteful as
it limits the performance of all other compo-
nents. But the most remarkable match of
all is between the expectation and the find-
ings of reason that biological systems are
matched.

In the history of human thought and ex-
perience, three agencies have been either
proposed or observed to produce matched
designs—God, evolution, and an engineering
organization. The same characteristic of
reason which leads man to look for matched
or economical design in nature will lead him
to try to compress these three agencies into
one.
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o

When I was pondering on the subject of
this symposium, which is the role of the
vestibular organs in the exploration of space,
it occurred to me that nobody has considered
the possibility that this role could ever be
rated along the positive side of the scale.
Indeed, some people have even gone so far
as to suggest that the astronauts’ labyrinths
could better be eliminated either temporarily
or permanently as they could only bring mis-
hap to their owners. We have all been so
busily engaged in counting the undoings of
the vestibular organs under unphysiologic
or rather uncommon conditions that we are
bound to forget that these organs might well
serve a positive function.

Indeed, I think they may be as useful to
the space-traveler as they are to the dweller
on earth if only we take care that the situa-
tion the astronaut will meet will be adapted
to him as well as vice versa. It is therefore
a fortunate coincidence that so many studies
have recently been concerned with problems
of habituation, response decline and adapta-
tion as we will want to know to what extent
we can deviate from normal circumstances
without compromising the astronauts’ well-
being and proficiency in handling and reason-
ing.

Consequently I feel that the questions to be
answered at this symposium might be formu-
lated as follows:

(1)

(2)

(3)

(4)

What dynamic situation will the
space-traveler have to face according
to current technical concepts?

Does our present knowledge of vestib-
ular mechanisms suffice to judge in
how far these situations envisaged in
space flight may be provocative of
untoward reactions? How should these
reactions be classified and what will
be their character?

What means do we have to circumvent
or prevent any such reactions? I
think in terms of selection procedures,
indoctrination, training, drugs.

The fourth question is rather a re-
ciprocal one; it does not concern the
role of the vestibular organ in the ex-
ploration of space but the reverse,
i.e., the role of space flight in the ex-
ploration of the vestibular organ.
Speaking more generally, this may
well be the most important and fasci-
nating side of space flight; not what
it will reveal to us of distant worlds
but what it will unveil to us about
ourselves. Does not the physiologist
engaged in the study of vestibular
organs eagerly await observations
under weightless conditions just like
the psychologist is anxious to learn
more about man from his conduct
when distantly separated from his
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fellow man and deprived of his cus-
tomary surroundings and like the
metaphysicist is longing to substan-
tiate the transcendental nature of our
knowledge of ourselves and our world
by exposing us to dimensions of dis-
tance and time that reach beyond the
system of co-ordinates in which we
visualize our world?

Returning to question (1), I think we will
agree that the dynamic situations to which
the astronaut will be exposed will be weight-
lessness and artificial, centrifugal weight.

The second question has had considerable
attention both in the laboratory and in the
satellites but we still do not feel quite con-
fident as to the innocuousness of weightless-
ness and even less as to the harmlessness of
centrifugal weight.

In considering where the possible harm
should reside we once again hit upon the old
controversy about the cause of motion-
sickness. Leaving aside all other factors—
visual cues, central coordination, psychic
constitution—it is the vestibular input that
upsets the minds of the investigators as
much as the homeostasis of the traveler, and
a vivid controversy stiil reigns among the
students of motion-sickness. There are ar-
dent protagonists of the semicircular canals
as eliciting agents of the disturbing symp-
toms. Others remain faithful—though in a
negative sense—to the otoliths as being the
culprits of the troubles. A third group
feels that neither the otoliths nor the semi-
circular canals suffer undue unphysiologic
stimuli as a result of which motion-sickness
ensues. They hold that it is a conflict in in-
formation that causes the symptoms and they
gleefully welcome all recent data on learning
processes and habituations as this fits very
well in with their theory of conflicting sen-
sorial cues. Not overstimulation but dis-
cordant stimulation is in their opinion the
item to be looked for. Among the many
studies of vestibular adaptation those of
Guedry and Graybiel deserve our special
attention as they were directly aimed at pro-

viding evidence on the behavioral problems
in a rotating space station.

It will be remembered that the subjects
had to move their heads in a frontal plane
which engenders a ‘“false” impulse in the
semicircular canals causing a tilting reac-
tion and a sensation of tilt. After a few days
habituation occurred and when the rotation
of the room was stopped, similar false re-
sponses—nystagmus included—were again
elicited by these head movements but now in
the opposite direction.

Let me take these experiments as a frame-
work to bring into the discussion a few more
points.

First, are we justified in considering the
rotating room situation to be equivalent to
the situation in a rotating spaceship? I do
not think so. In the rotating room an inclina-
tion of the head in the frontal plane will
elicit always the same cupula deflection
whatever direction the man is standing.
Thus habituation will be possible. Con-
versely, on the rotating spaceship the im-
pulse will depend upon the subject’s position.
Even worse is the fact that the most normal
movements we know of, i.e., the rotations
of the head or the body around the longitu-
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Figure 1.—Body orientation in the experiment.
(From J. Aerospace Med., ref. 1.)
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dinal axis, will not cause any false response
in the occupant of the rotating room but they
will do so in the occupant of the spaceship
and again in a treacherous and—for the
subject unpredictable—unhabituable way.
Consequently, 1 feel that on giving our ad-
vice to the engineers of rotating spaceships
we should be conservative in our estimates
of what angular velocity will be acceptable.

A second point T would like to make is that
the impulses to the cupulae that we are dis-
cussing are from a point of mechanical sense
organ physiology quite innocent. Indeed
after stopping the room the head movements
will occasion only the normal momentaneous
cupula deflection and yet the effects are quite

in favor of the conflicting-clue theory and
that the conflict resides in the otolithic and
canal signals.

Past are the good old days where semicir-
cular canals and otoliths were separate or-
gans with separate functions and separate
effects. Although it is true that the canals
will respond to angular impulses and the
otoliths basically to linear accelerations, they
are linked together for better and worse.
We have tried to find some principles gov-
erning this interaction. To this end 315 runs
were performed on the Pensacola centrifuge
(ref. 1) ; the subjects, 26 in all, were placed
in different seated and recumbent positions.
The angular impulse was kept pretty well
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the response should accordingly be constant.
The response, as measured by electronystag-
mography, should as desired by classic vestib-
ular dogmas obey Ewald’s first law stating
that the response will be in the plane of
stimulation.

The results of our experiments contra-
dicted such attractive simplicity of response
patterns (figs. 2 and 3). In several instances,
where the orientation of the canal system

30

relative to the plane of rotation remained
unchanged, the magnitude and direction of
the nystagmus proved to vary as a function
of the subject’s heading. For instance head-
ing forward the nystagmus was strong and
of long duration. Conversely, when heading
backward the nystagmus did not reach its
anticipated magnitude; moreover, it lasted
shorter than expected and then gradually
changed plane and direction. The implication
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saccular
otoliths

utricular
otoliths

Figure 6.—Otolith signal, predicted signal from each
pair of maculae, on assumption that shearing force
is active i both directions (upper curves) or in a
lateral direction only (lower curves). (From
Aeromed. Acta, ref. 2.)

of these experiments seems to be that the
otoliths can modulate an ampullar signal or,
even stronger, have a nystagmus-modifying
and a nystagmus-generating power.

As for the otoliths, some recent experi-
ments, performed on our centrifuge by Colen-
brander (ref. 2), may be of interest, experi-
ments which to my mind reflect originality
and thoroughness. In the free-swinging gon-
dola 7200 observations of counterrolling of
the eyes and of the subjective horizontal were
made at 1G, 1.5G, and 2G levels in order to
establish which component of the force act-
ing upon the otoliths determines its stimulus
(fig.-4). Breuer’s concept (1874) of the slid-
ing movements furnishing the adequate
stimulus enjoyed little popularity mainly be-
cause the displacement of the otoliths was
hard to demonstrate. Magnus and Quix,
both working in Utrecht, proposed in 1924

rival theories of, respectively, pulling and
pressure as the active agent.

It was not until 1949 that Loewenstein
lent new support to the shearing force theory
which gained further support from Van
Holst’s experiments in 1950. Alas, in 1962
Miller’s technically refined measurements
could not be fitted to the simple sine function
which the shearing force seemed to demand.
However, these measurements were taken at
1G, whereas Colenbrander, measuring at
different G levels, found a simple linear pro-
portionality between the outward shearing
force of the otoliths on the utricular maculae
and the counterrolling of the eyes (fig. 5).

The question may be raised why then the
1G counterrolling data do not follow the sine
curve.

Further experiments led Colenbrander to
believe that it is the impression one has
formed about one’s spatial position that is
superimposed upon the otolithic influence.
(See fig. 6.) This impression, stemming
from neck and body receptors, would in his
centrifuge studies be independent of G. The
1 G counterrolling curve should consequently
be a combined curve. The pure otolithic
effect showed a good linearity in the range
between 1 G and 2 G and it is tempting to
extrapolate to 0 G. Further theoretical im-
plications of the 0 G curve, interesting as
they are, call for confirmation from a labora-
tory in space. So here we are back at the
reverse of our starting point which is the
role of space flight in the exploration of the
vestibular organ.
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DISCUSSION

PATTERSON: The steps in Dr. Lansberg’s argument
that results on a slow rotation platform could not be
applied to a rotating space vehicle are not clear to
me at all. This is a rather serious broadside attack.
I could not follow the argument. If this is true, a
lot of money has been wasted and a lot of time spent.
Is this an airtight conclusion?

LANSBERG: No, on the contrary. I definitely wanted
to say that the experiments have been very valuable
in giving us ideas on the process of adaptation and
to what extent man is able to cope with this conflict-
ing information. The only thing that differs in the
space ship from the situation in the rotating room
is that, as conflicts arise in the space station, they
occur much more often, and in an unpredictable
fashion.

PATTERSON: You mean psychological conflicts, not
physical.

LANSBERG: No, physical.

PATTERSON: Haven't you removed at least some of
the otolithic stimulation in the space station?

LANSBERG: No, you can only reduce it if you want
to go back from 1 G to 1/3 G. You can reduce the
amount but whether that will be an advantage, 1
really don’t know. Normal linear accelerations that
occur during walking will then be superimposed
upon a 1/3 static G level and these accelerations will,

if Weber-Fechner’s Law is true also in this situa-
tion, have a more pronounced effect.

GRAYBIEL: It was planned that the topic of “rotating
environments” would be taken up on the last day of
this symposium, but the statement that the results
of studies in a rotating room on earth cannot be
applied to an orbiting rotating space station deserves
a brief comment now as well as the thought that
the two vestibular organs should be regarded as one.

Although Dr. Lansberg’s main point that in the
orbiting spacecraft, man, upright, is oriented at right
angles to the axis of rotation and in a rotating room
parallel to the axis is a good one and, indeed, is
receiving careful study, it may be pointed out that
subjects in the Slow Rotation Room become adapted
and do not limit their head movements regardless
of orientation to the axis of rotation. We believe
that information already available may be applied
with caution to conditions aloft and that studies
with man carrying out activities at right angles to
the axis of rotation will provide supplementary in-
formation.

With regard to the vestibular organs we will pre-
sent some additional evidence later on which em-
phasizes the need not only to keep in mind the
individuality of the semicircular canals and otolith
organs but their collective influences as well.
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Post-Caloric Nystagmus
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The otolith system is the oldest represent-
ative of labyrinthine function. It controls
the tonus of the striated muscles for posture
adjustment. Specific excitation of otolith
sensorineural epithelium can be provoked by :
(a) changing of the position which modifies
the center of gravity; (b) linear accelera-
tion; (c¢) angular acceleration around the
horizontal axis; and (d) centrifugal force.

These stimuli, following the theory of
Mach-Breuer (1873), exert pressure, trac-
tion or sliding of the otoliths on the macular
hair cells. When the head is in the normal
position, according to Magnus and De Kleyn
(1920), otoliths are above the epithelium
and provide pressure and minimal stimulus.
When the head is upside down, otoliths are
below the epithelium and provoke maximal
stimulus by traction. Therefore, there is only
one position for minimal reflexes. Using de-
cerebrated cats, Magnus and De Kleyn dem-
onstrated that postoperative rigidity is
minimal when the head is in the normal
position, and maximal in the upside-down
position. After they performed bilateral
labyrinthectomy, differences in tonus dis-
appeared.

According to experimental studies by
Versteegh (1927), Ulrich (1935), Graybiel
et al. (1952), and Fernandez et al. (1960),
nystagmus cannot be provoked by stimula-
tion of the otolith system.

Maxwell (1923) was probably the first one
to demonstrate that stimulation of the
crista ampullaris is dependent on changes

in tension of the utricular hair cells. He
sectioned the horizontal semicircular canal
near its utricular end and applied different
stimuli.

Marimoto (1955) and Owada et al. (1963),
performing experiments on rabbits, pointed
out that the otolith system has a regulatory
and controlling effect upon the cupula am-
pullaris system. If the balance between am-
pulla and otolith is changed, the ampulla is
spontaneously charged to elicit nystagmus.
Nystagmus jerks are increased or decreased
according to change in endolymphatic pres-
sure on the otolith macula.

Bergstedt (1961) carried out caloric tests
on human subjects in a centrifuge at 1.0 to
1.8 G. He was able to show that vestibular
caloric tests are influenced by the strength of
the gravitational field. The maximum inten-
sity of nystagmus (eye speed in deg/sec) and
duration increase at higher values of gravi-
tational force.

The purpose of the present study was to
investigate the influence of the otolith organ
on post-caloric nystagmus in the cat.

METHOD

Experiments were carried out on 22 adult
cats with normal responses on caloric stimu-
lation. Needle EEG electrodes (Type E-2B.
subdermal) or chronic zygomatic electrodes
were used, and fixation of the head was
achieved by a bar inserted through the teeth
(figs. 1 and 2). Cats were blindfolded and
tested in a semidark room.
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Figure 1.—Immobilization of cat’s head.

Figure 2.—Sketch showing placement of bar.

In order to place the lateral semicircular
canal in a vertical position with the ampulla
up for caloric testing, the head was raised
from the horizontal prone position until the
fronto-occipital axis reached a 45° angle (fig.
3). Fronto-occipital axis coincides with a
position of the horizontal semicircular canal

315° 225°

270°

Figure 3..—Angle of fronto-occipitul axis.

.

L O

Figure 4.—Nystagmus registration.
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(Rademaker, 1926). In this position caloric
stimulation was performed. Water tempera-
ture ranged from 10 to 49° C, and the dura-
tion of each irrigation was 40 sec. After an
interval of 10 minutes, the cat’s head was
raised until the fronto-occipital axis reached
an angle of 135°. In this position the otoliths
provoked maximal stimulation (traction) of
the otolith hair cells. The caloric test was

then repeated with the same water tempera-

Figure 5.—Nystagmus curve as registered on oscil-

loscope.

ture and the same length of irrigation, pro-
voking nystagmus in all 22 cats.

A four-channel recorder (Offner Type R)
for nystagmus registration was used (fig. 4).
Channel 1 recorded the velocity of the fast
and slow eye movement, and Channel 2 regis-
tered the derivated curve of the slow phase.
The actual eye movement was recorded
through the third channel. Channel 4
showed the average frequency. The paper
speed was 1 mm/sec. Conventional nystag-
mus pattern was registered by Tektronix
oscilloscope and Polaroid camera (fig. 5).
Duration, maximum slow phase and maxi-
mum fast phase velocity of post-caloric
nystagmus were recorded and analyzed.

RESULTS

As a preliminary to this study an experi-
ment involving repetitive caloric testing for
18 consecutive days was carried out on 4
cats. It was found that duration of post-
caloric nystagmus appeared to be a more
irregular parameter than eye speed in the
slow phase. The record of one cat is shown
in fig. 6. Irrigation No. 6 released extremely
long nystagmus duration (14 min), while
eye speed showed normal values. The fast
phase velocity followed the pattern of the
slow phase velocity. Nystagmus duration in

Sec.
1270
240
-1210
- 180
Degrees /Sec
200 ¢ 150
F
150 - Vg = 4120
D e
100 - 90
FAST PHASE
VELOCITY
50 .4 . 60
R e
e BN
SLOW PHASE. TN el T3
VELOCITY - balindiniiaiing
L 1 1 1 1 1 1. 1 1 1 1 1 1

i 1 1
2 3 4 6 7 8 9 10 Il 12 13 14 15 16 17
IRRIGATION NUMBER

Figure 6.—DPost-caloric nystagnis and cye-speed ree-
ord of oue cat.
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caloric testing in the cat at the same physical
stimulus could vary between a few seconds
(fig. 7) and as long as 14 minutes (fig. 8).
This indicated that duration of post-caloric
nystagmus in the cat is influenced by differ-
ent mechanisms than velocity of the slow and
fast phase.

In the principal study, the results of the
first group of 11 cats are shown in figure
9(a). Water temperature was 16° C in all
caloric tests. Nystagmus duration was sig-
nificantly longer in the right ear in this
group when the fronto-occipital axis was
placed in a 135° angle in cats 1, 2, 7, 8, and
10. Less difference was found in cats 3, 4,
and 5 (20-40 sec). Two cats (9 and 11)
did not indicate any difference. In the left
ear, the difference in nystagmus duration
was even more obvious between 45° and
135° angles (cats 5, 6, 7, 9, and 11) (fig.
9(b)).

Maximum slow phase velocity (figs. 10
(a), (b)) and maximum fast phase velocity
(figs. 11 (a), (b)) failed to demonstrate any
increase in the intensity of nystagmus upon
caloric testing at the 135° angle.

In the second group of 11 cats (table I)
the experiment was repeated with different
water temperatures (12°, 14°, 19°, 24°, 27°,
and 49° C). The findings of this group were
quite similar to those of the first one. Differ-
ences in duration of nystagmus for the angles
of 135° and 45° were greater when a colder
stimulus (12 and 14° C) was applied.

Mean group values for 22 cats are pre-

e
—
4

/

Figure 7.—Short nystagmus duration.

sented in table II. When the:fronto-occipital
axis was placed at an angle of 135°, mean
duration of post-caloric nystagmus was 68
sec longer than at an angle of 45°.

DISCUSSION

The relationship between the otolith sys-
tem and nystagmus has been discussed by
many authors. Borries (1920) was probably
the first one to state that post-caloric nys-
tagmus is the result of the cooling or warm-
ing of the otolith organ. De Kleyn and Lund
(1924), following Witmaack’s method, de-
stroyed the otoliths by turning a centrifuge
at 2,000 revolutions per minute. However,
they were still able to produce caloric reac-
tion in those animals, disproving Borries’
theory.

Ty

Figuve 8. —Long nystagmus duration.
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Table I.—Study of Nystagmus Duration in 11 Cats

Maximum velocity

Cat Duration,
no Temp. Ear Angle (sec) Slow phase, |Fast phase,
deg/sec deg/sec
12 R 45° 168 70 100
. 135° 277 50 100
12°C L 45° 137 35 60
135° 223 50 75
13 N 45° 92 35 45
. 135° 145 20 20
14°C 45° 86 20 55
L 135° 112 20 30
14 45° 168 80 120
. R 135° 169 65 105
19°C L 45° 156 95 125
135° 259 60 65
15 R 45° 120 80 80
. 135° 228 70 70
24°C L 45° 117 70 75
135° 137 75 75
16 N 45° 91 55 100
. 135° 146 80 80
27 C 45° 144 70 70
L 135° 161 65 85
17 45° 126 70 115
o R 135° 135 70 105
21 L 45° 104 75 115
135° 120 50 70
18 & 45°
‘G 135
27 L 45° 97 70 160
135° 115 75 150
19 R 45° 120 125 150
. 135° 125 100 125
21° C L 45° 128 70 90
135° 186 100 155
20 & 450 134 25 45
. 135° 169 65 100
27° C 45° 127 40 70
L 135° 145 45 85
21 45° 80 35 70
R 135° 100 40 70
49° C e
L 135° 108 5 2
22 N 450 89 20 35
‘o 135° 159 50 70
49 L 45° 83 15 35
135° 134 35 60

81
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Table II.—Mean Value: 22 Cats

Angle, Duration,
deg sec
Right ear . ___________ 45 119.15
135 187.10
Leftear _______ . ______| 45 111.52
135 179.52
509
420 — /’1\
|
Iy
Iy
360 -/ |
/ \ <i35°
!
! \
300 & \
1 ~
@ \ ! 1
| /
S 240 - | / \
S \ / \
b 1 / \
! / \
|
|
|
\
\
60 1 1 1 1 1 1 1 I | )
2 3 4 5 6 7 8 9 10 I

CAT NUMBER

Figure 9(a).—Nystagmus duration—cat right ecar.
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DEGREES / SEC.

2 3 4 5 6 7
CAT NUMBER

Figure 10(a).—Maximum slow phase velocity—cat

right ear.

Versteegh (1927), Ulrich~(1935), Jong-
kees (1950), Graybiel et al. (1952), Sullivan
(1959), and Fernandez et al. (1960) denied
any appearance of nystagmus after destruc-
tion of the otolith organ, or utricular nerve.

Maxwell (1923), Marimoto (1955), Berg-
stedt (1961), and Owada et al. (1963) hy-
pothesized that the otolith system has a regu-

latory effect upon the cupula ampullaris
system.

4717
420 —

!
360 ~ P
300

S 240 -

120 —

60 L
2 3 4 5 6 7 8 9 0 1
CAT NUMBER

Figure 9(b).—Nystaugmus duration—cat left car.
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2 3 4 5 6 7 8 9
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Figure 10(h).—Maximuwm slow phase velocity—cat

left ear.
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300
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250 b

DEGREES / SEC.
o
o
|

100

50 —

2 3 4 5 6 7 8 9 10 1
CAT NUMBER

Figure 11(a) . —Maximum fast phase velocity—cat
right ear.

From a review of the literature it appears
that the present method of stimulating the
otolith system (fronto-occipital axis at 135°
angle) with simultaneous caloric testing in
the cat has never been reported before.

Enteritis, pneumonitis and otitis media
are three illnesses which interfere sometimes
with experimentation in the cat. Great in-
dividual differences in nystagmus response
between different cats could be attributed to
these illnesses, to the S-shaped form of the
external meatus, to the cat’s ability for
closure of the ear canal by muscle contrac-
tion, and to the presence of ear wax in the
meatus. The inhibition of caloric nystag-
mus could be explained by lack of mental
activity if the cat becomes sleepy or by some
other mechanism, where the otolith system
apparently plays an important role. The

300 —~

250 ~

200 ~

150 —

<450 /

DEGREES 7 SEC.

100 -

50 -

2 3 4 5 6 7 8 9 1o N
CAT NUMBER

Figure 11(b) . —Maximum fast phasc velocity—cat
left ear.

duration of post-caloric nystagmus is a much
more irregular parameter than eye velocity.
By changing the center of gravity and mov-
ing the fronto-occipital axis from 45° to
135° angle, the otoliths provoke traction
and maximal physiological stimulus on the
macular hair cells. If a caloric test is per-
formed at this angle, which is not the optimal
position for the lateral semicircular canal,
there is a significant increase in duration of
post-caloric nystagmus with no difference
in maximum intensity of nystagmus. There-
fore, it could be hypothesized that the otolith
system has a controlling regulatory mecha-
nism over post-caloric duration of nystag-
mus through central pathways. Nystagmus
duration increases when the otoliths pro-
voke stronger stimulus on the otolith mem-
brane.
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DISCUSSION

COMMENT: There are many moments that can be
responsible for such changes in nystagmus response
when the cat is placed in an unnatural and unpleas-
ant position. Emotional factors could play a very
important role. Measuring other parameters of in-
duced nystagmus in sequence of time unit, as, for
instance, the frequency, would give us more informa-
tion.

MILOJEVIC: T agree that frequency is a very impor-
tant parameter. In another study on human subjects
and cats and using caloric stimulus in five ordered
durations of irrigation (5, 10, 20, 40, and 60 sec),
we found that duration of nystagmus could vary
quite independently from frequency and velocity.
Slow and fast phase velocity show a similar pattern.
According to this study, we got the impression that
duration is a totally different parameter and under
different influences than velocity or frequency in
caloric testing. -

COMMENT: I was going to question if this difference
in duration of caloric nystagmus in the cat by
changing the fronto-occipital axis can be attributed
to the otolithic action or to some other factors. By
changing the position of the horizontal semicircular
canal, we change the circulation of fluid in semi-
circular canals.

BERGSTEDT: Dr. Milojevic mentioned the study I
made with caloric tests in the centrifuge. The results
show a certain relation between nystagmus output
and G during this test. I think this result is in line
with and supporting Barany’s own concept about the
caloric test, i.e., about the thermic flow in the semi-
circular canals. I do not, however, attribute the
results to any effect from the otolith organs. I have
later made further studies and these give similar
results. I have syringed both ears with water of the
same temperature, etc., and no unexpected results
oceur.

TOROK: I would like to suggest that we extend the
field of observation of the provoked vestibular nys-
tagmus beyond the duration. As it has been found
and proven, a more accurate expression of vestibular
sensitivity can be obtained by counting and evalu-
ating the frequency of the nystagmus. It provides
more reliable and more constant information of the
state of vestibular sensitivity than nystagmus dura-
tion. Compared with the medasurement of the velocity
of the slow phase of the nystagmus, the frequency
closely follows the former. However, it is much
simpler and easier to assess the frequency charac-
teristics by counting the number of nystagmus beats
in successive 5 second time intervals. The slow com-
ponent velocity measurement, on the other hand,
needs elaborate electronic equipment.
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Response of Single Cells in Cat Brain Stem to Angular

Acceleration in the Horizontal Plane

GEORGE H. CRAMPTON

US. Army Medical Research Laboratory

SUMMARY

-2

\(é,ll)

Single units within the brain stem of deeply anesthetized cats were observed for
long periods during which the animal was repeatedly subjected to long duration angular
accelerations. The head was centered over the vertical axis of rotation and the hori-
zontal stereotaxic plane of the head was parallel to the plane of rotation. Observations
were made of adaptation, habituation, and forms of response discharge. Electrode tip

locations were confirmed histologically.

1. No regular evidence for a reduction in discharge rate during the application
of a long angular acceleration could be found.

2. No regular evidence for a reduction in discharge rate from acceleration to

acceleration could be detected.

3. There are indications of changes in patterning of the discharge with repeated
stimulation which may reflect habituation.

4. A new form of response is described which appears to act as a binary switch,
in that it holds a discharge .rate for long periods after a stimulation, and is [
turned on and off by alternating negative and positive angular accelerations. {A \X/\A}JG
WA Y

INTRODUCTION

These observations were aimed at three
of the more usual questions asked about

sensory systems. What is.the neural code for
the various stimulus parameters? Is there
adaptation during an extended application of
the stimulus? And, does repeated stimula-
tion of the sensory system produce a succes-
sive reduction in response magnitude?
These questions demand very special equip-
ment for their investigation. The study of
adaptation requires a stimulator which is
capable of applying constant angular accel-
erations of long duration separated by long
periods of constant velocity. The examina-
tion of the effects of repeated stimulation re-
quires a stimulator capable of offering suec-
cessive accelerations of reliable accuracy.

The stimulator must be so stable and free
from transients and vibration that activity
from a single neural unit can be recorded for
periods longer than one hour. Finally, micro-
electrode and electronics technique is needed
which is sufficient to successfully monitor
single unit activity from continuously rotat-
ing preparations without intermediate ad-
justment.

Briefly, deeply anesthetized cats were cen-
tered over the vertical axis of rotation. Micro-
electrodes were advanced into the brain stem
and directed by stereotaxic coordinates into
the region of the vestibular nuclei. Isolated
units were studied with long duration con-
stant angular accelerations repeated several
Strict criteria for acceptable data
we had to have held an

times.
were established:
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isolated unit for at least one stimulus series
of eight accelerations which lasted an hour;
we required full and adequate films of the re-
sponse for 15 seconds prior to each accelera-
tion to 8 minutes following the acceleration;
and, we demanded a clear histological veri-
fication of each electrode tip location. Our
work has only just begun and we have data
from but 21 units that meet these stringent
requirements. Here we offer a preliminary
report on some of the salient aspects of the
data, and in particular, on some response
types not described heretofore.

METHODS
Stimulator

A circular turntable 1.25 meters in diam-
eter was mounted on a vertical shaft, and
driven through a friction coupling by a
pneumatic wheel pressed against the rim
(fig. 1). The precision-ground vertical shaft
and the oil-bronze smooth radial and thrust
bearings were enclosed in a column of oil.
The drive system was a hydraulic pump and
motor with servo amplifier control employ-
ing closed feedback loops from the slide block
and a tachometer on the output. The turn-
table structure and the hydraulic motor were
mounted within a radiofrequency shielded,
lightproof, and ventilated room. The hydrau-

Figure 1.—Turntable structure with cat in stereo-
taxic apparatus and positioned with the center of
head over axis of rotation.

lic pump and control console were mounted
outside of the room.

Procedure

Cats were deeply anesthetized with Nem-
butal and mounted within the stereotaxic
head-holder. Depending upon the procedure
selected for that animal, (a) a small defect
was made in the skull for the electrode en-
try, or (b) this small defect was made and
another one placed on the contralateral side
through which the eighth nerve was sec-
tioned, or (¢) the major portion of the dorsal
aspect of the cerebellum was exposed, the
cerebellum aspirated, and the eighth nerve
sectioned on one side. The animal was then
positioned on the turntable with the head
centered over the axis, and the horizontal
stereotaxic plane of the head parallel to the
turntable surface. The electrode was tilted
back 30° from the transverse plane in order
to avoid the tentorium and then advanced
in a sagittal plane.

The friction drive wheel was disengaged
from the turntable rim and the table gently
oscillated between successive advances of the
electrode manipulator until a single cell
which responded to angular acceleration was
sufficiently isolated for definitive recording.
The friction drive was then reengaged to the
turntable rim, the shielded room closed, and
the animal accelerated in total darkness by
a subthreshold acceleration (0.22°/sec®) to
a clockwise (CW) velocity of either 15 rpm
or 20 rpm.

The stimulus series that followed consisted
of a number of constant angular accelera-
tions, during which the turntable passed
through zero velocity and terminated at a
velocity, equal to but opposite in direction
from that of the base velocity. For example,
most units were started at 15 rpm CW and
then underwent a 4°/sec* negative accelera-
tion of 45 sec duration which brought the
turntable from the base velocity of 15 rpm
CW, through zero velocity to 15 rpm coun-
terclockwise (CCW). Five minutes later, a
positive 4°/sec* acceleration of 45 seconds
duration was impressed and the turntable
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passed from 15 rpm CCW through zero veloc-
ity to 15 rpm CW.! A series of trials con-
sisted of not fewer than eight such maneu-
vers, four in each direction of acceleration,
and each maneuver spaced at 5 minute
intervals.

Units with high thresholds underwent a
similar series but from 20 to 20 rpm and with
accelerations of 8°/sec? and 30 seconds dura-
tion. A very few low threshold units were
tested at 7.5 to 7.5 rpm with accelerations
of 2°/sec? and 45 seconds duration. Some
cells were tested at more than one accelera-
tion level. Occasionally a cell could be held
for over three hours of continuous rotation.

Note, in particular, that this form of
stimulus series helps to identify those effects
which may be due to linear (centripetal)
acceleration or noise from the response to
angular acceleration. Any effective centrip-
etal acceleration was the same at both the
beginning and the end of each angular ac-
celeration. Noise was also related to angular
velocity. Thus, responses to these extrane-
ous stimuli could be identified because they
were dependent entirely upon angular veloc-
ity and were not related to angular accelera-
tion.

Recording

Electrodes were electro-polished steel in-
sect pins according to the method of Green
(1958), but insulated with successive coats
of baked Formvar. Electrode tips were less
than 6 microns in diameter, and tested with
saline immersion under a microscope to ob-
serve if a small bubble was produced at the
tip when a current was passed through the
electrode. No estimate of the area of the
exposed tip is available. The single-ended
signal from the electrode was led through a
cathode follower mounted on the stereotaxic
instrument, through instrument slip rings

1 A convention of analytical mechanics is observed
in this terminology. The turntable, as viewed from
above, undergoes a positive angular acceleration dur-
ing a period of decreasing CCW velocity or increas-
ing CW velocity. Similarly, the turntable undergoes
a negative angular acceleration during a period of
decreasing CW velocity or increasing CCW velocity.

and thence to amplifying and recording
equipment outside of the turntable room.
The signals were filtered through a frequency
band between 300 and 3000 cps, and photo-
graphed from an oscilloscope at a 50 mm/sec
film speed.

Histology

Following the recording, a small current
was passed through the electrode by attach-
ing the anode of a d.c. source to the electrode.
The current in microamperes and its time
of application in seconds were adjusted so
that the product of the two amounted to ap-
proximately 150; more correctly, 0.00015
coulomb. The animal was then perfused
with saline followed by 10% formalin to
which 0.5% potassium ferrocyanide and
0.5% potassium ferricyanide had been
added. The brain was removed and placed
in this perfusing solution for not less than
three days before subsequent processing.
This procedure, adapted after the method
of Green (1958) produces by virtue of the
prussian blue reaction, a small blue spot at
the electrode tip site which just can be de-
tected by the unaided eye while preparing
frozen sections. A series of 40-micron sec-
tions in the region of the dyed spot were
then stained with chresyslecht violet, and
in some cases neutral red. Identification of
electrode locations was made by reference
to Brodal & Pompeiano (1957), Brodal,
Pompeiano, and Walberg (1962), and Ver-
haart (1964).

RESULTS AND DISCUSSION
Major Cell Categories

Two broad categories of types have been
found. The first type is that described by
Ross (1936) for the frog, Lowenstein and
Sand (1936) for the dogfish, Adrian (1943),
Gernandt (1949), Eckel (1954), and Duen-
sing and Schaefer (1958) for the cat. This
cell follows the classical description for the
function of the lateral canal as described by
Ewald (1892) in which it was deduced that
utriculopetal movement of the cupula should
produce a maximum 'response, and that
utriculofugal movement of the cupula
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should produce but little response. This first
category was termed Type I by Gernandt, but
we prefer to term it an “Ewaldian” unit
and denote that it increases its firing rate
with positive acceleration and decreases its
resting rate (if any) with a negative accel-
eration, when the electrode is on the right
side and recording activity originating in
the right ear. The opposite obtains for an
electrode on the left side; that is, an increase
in firing rate with a negative acceleration
and a decrease in the resting rate (if any)
with a positive acceleration.

We prefer to call cells from a second broad
category “non-Ewaldian’” units: units which
increase their discharge rate with a nega-
tive acceleration and decrease their resting
discharge (if any) with a positive accelera-
tion when the electrode is on the right side
and recording activity originating from the
right ear. The opposite obtains for an elec-
trode on the left side; that is, an increase
in firing rate with a positive acceleration
and a decrease in resting rate (if any) with
a negative acceleration. Duensing and
Schaefer (1958) found them in the vestibular
nueclei and called them Type II, which con-
fuses the issue because the new Type II does
not agree with the former Type II designa-
tion of Gernandt’s. These two categories
fit all of the cells we have recorded.

We have not found Gernandt’s Type II
cell, a cell which increases its rate with ac-
celeration of either sign. Nor, have we
clearly confirmed a Type III cell; a cell that
decreases its firing rate with accelerations
of either sign. On one occasion we did
find a cell during the preliminary examina-
tion using hand-driven stimulation which
appeared to be a Type III by Gernandt’s
terminology; the resting discharge turned
off with acceleration in either direction.
A subsequent series of programed stimu-
lations was started but our maximum
acceleration of 8°/sec? was below threshold
for this cell and we were unable to con-
firm its classification. Great care must
be taken in accepting data obtained with
accelerations beginning and ending at zero

velocity. An activity may be otolithic in
origin and a small displacement from the
center of rotation may be sufficient to
alter its resting discharge in a like man-
ner irrespective of the direction of accelera-
tion. A symmetrical velocity program, such
as used here, is clearly required to confirm
Type II and Type III cells. Duensing and
Schaefer (1958) found Gernandt’s Types 11
and IIT and Eckel (1954) found Type II, but
both investigations used velocity programs
starting and ending on zero. Further, Eckel’s
confirmation of a Type II cell is not well sup-
ported by the reproduction of a record in
which activity from not one but several cells
appears (see Eckel, figs. 8(a) and 4(a),
p. 495).

We are convinced that the non-Ewaldian
reacting unit is reflecting activity originat-
ing in one of the vertical canals of the laby-
rinth on the same side as that in which the
electrode is positioned. When the stereo-
taxic horizontal plane is parallel to the plane
of rotation, it appears that all three canals
have a sufficient projection on the horizontal
surface to receive a significant stimulation
during angular acceleration. Lowenstein
and Sand (1940) have shown that a vertical
canal will produce what appears to be non-
Ewaldian activity with horizontal rotation
of the head, and Ross (1936) observed that
even a small misalignment of the vertical
canal from a true orthogonal orientation
with the horizontal plane led to adequate
stimulation.

We have performed several supplementary
experiments in which the horizontal stereo-
taxic plane was tipped nose-down to an angle
of 30° with the horizontal. Whereas the
population of Ewaldian and non-Ewaldian
cells are about half and half with the hori-
zontal stereotaxic plane parallel with the
rotating plane, only Ewaldian units have
been found with the 30° declination. Simi-
larly, only once in many attempts, has a non-
iwaldian cell first found during parallel
orientation continued to fire in the same
manner when subsequently tipped to 30°.
Adrian (1936) and Duensing and Schaefer
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(1958) tilted the nose down from the hori-
zontal by 45°, and Eckel (1954) used a 35°
declination; yet only Duensing and Schaefer
found non-Ewaldian units. In none of these
three cases was the declination determined
by an accurate reference to the stereotaxic
horizontal, and the difference in findings is
likely due to differences in tilt.

Duensing and Schaefer, employing light
ether anesthesia, were inclined to believe
that the non-Ewaldian units were not seen
previously because of a sensitivity to narcosis
and decerebration. They considered two
possibilities for their origin. One was that
the non-Ewaldian unit reflected Ewaldian
activity from the contralateral ear conducted
across the midline. A second possibility was
that this reversed action was due to an in-
verse recoding within the vestibular nuclei
themselves. Inasmuch as we employed very

| CAT
o NESATVE

deep barbiturate anesthesia, it is unlikely
that the non-Ewaldian units are entirely
susceptible to anesthesia and as will be seen
below, our observations clearly show that
these units can be found after contralateral
eighth nerve section; a procedure that dis-
penses with the contralateral influence possi-
bility. The possibility that there is a recod-
ing is intriguing, but yet unproven. Paren-
thetically, Gernandt (1950) demonstrated
several non-Ewaldian units much higher in
the brain stem (inferior colliculus) and at-
tributed them to crossed secondary fibers;
the crossing at least was confirmed by caloric
irrigation of the contralateral ear.

Response Forms

Figure 2 reproduces a recording sample
from a non-Ewaldian unit that was found,
in this case, not in the vestibular nuclei but

25 JUNE 1364
ELECTRODE LEFT SIDE

4

Figure 2.—Cat 25, June 1964 : electrode tip in this sample recording was confirmed to be in abducens nucleus
on left side. These non-Ewaldian responses are two of a serics of alternating negative and positive 4°/sec?
accelerations of 45 sec duration. Only scgments of full recordings are shown; prior resting discharge and
first few scconds of acceleration, followed on second line by last few seconds of stimulus period and begin-
ning of recovery. Relay artifacts from function generator for stimulator arc prominent at both onsel and
end of accelerations.
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in the abducens nucleus. Note that negative
acceleration turned off the resting discharge,
and a positive acceleration increased it.

Two new response forms are shown in
figures 3 and 4. In figure 3, the non-Ewaldian
cell after some latency (albeit long in this
instance) rises in discharge rate and ap-
. pears to be approaching an asymptote within
the 45 second duration of the stimulus. Fol-
lowing the stimulus, the discharge declines
slowly toward its beginning level. Note
that in the turn-off direction, the cell shows
some post-stimulus rebound. The high reli-
ability of this cell is particularly noteworthy,
but of special interest is that there is no

activity whatsoever in the four ftrials at 5
minutes after the negative acceleration, and
there is a continuing activity in three of the
four trials 5 minutes after the positive ac-
celeration. Such a long duration effect ap-
pears to be almost “hysteresis” like and is
not an altogether uncommon finding.

An even more prominent long-duration
effect is seen in figure 4, in which an Ewald-
ian cell that takes the form of a “memory”
unit in that it indicates the direction of the
last acceleration for periods of at least 5
minutes. In this series, the first acceleration
was of negative sign and found the cell al-
ready in its “on” state. Thereafter, however,
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SECONDS AFTER BEGINNING OF ACCELERATION

Figure 3.—Cat 1, July 1964 : electrode tip was confirmed to be in medial vestibular nuclens on left side. All
etght accelerations of an alternating series of 4°/sec? magnitude and 45 sec duration are plotted. Five
minutes separated the stimull, of which the first 3 minutes of the intertrial period was recorded. Note the
trial-to-trial reliability of this non-Ewaldian cell.
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Figure 4—Cat 16, July 1964 : electrode tip was confirmed to be at ventral margin of central gray bordering
direct vestibulomesencephalic fibers on left side. A stimulus series identical to that of figure 3 was followed.
Note again cxtreme trial-to-trial reliability of response of this Ewaldian cell, and fixzed manner in which its
stimulus-induced state is held throughout 5-minute intertrial interval and wuntil changed by succeeding

stimulus.

the accelerations alternately switched the
cell off and on. This cell is probably best
called a long-term memory cell, because it is
more common for these cells to “forget” in
some 2 minutes after the stimulus. A good
question concerns whether this is a go-no-
go switched response or a graded response to
a graded stimulus, acting as an integrator,
and abstracting velocity information for the
organism. We have seen one similar cell in
which the response height reached during
45 seconds of either 2°/sec? or 4°/sec’® ac-
celeration was the same, indicating a simple
binary switch and not a graded response.

More information is needed about a greater
number of cells, but the fact that this re-
sponse form exists greatly extends our basis
for speculation on the data handling capa-
bilities of the vestibular system. ‘
In figure 5 are plotted the responses of
two cells recorded after the contralateral
eighth nerve was sectioned and the cere-
bellum removed. Both Ewaldian and non-
Ewaldian units are represented in this prep-
aration which verifies the ipsilateral origin
of both activities. Of particular interest is
the approximately equal response in both
directions of these fairly high threshold



92 THE ROLE OF THE VESTIBULAR ORGANS IN THE EXPLORATION OF SPACE
LEFT 8th NERVE SECTIONED

401~ ELECTRODE RIGHT SIDE CEREBELLECTOMY —
| NEGATIVE ACCELERATION TRIAL 300
50~=—0
20k | 47sec? S
-?{Wf = {‘:E-:'fé\ﬁff’ P L B et T Koo &P
o | =R ama
1 1 i 1 1 Io 1 1 | 1 I(I)O 1 1 1 I 1 1 1 1 i 1 | 1 i
G 5 150 200 3:'30 0
40 T— POSITIVE ACCELERATION TRIAL  2*—* .
- 4/5EC? ' s
200 | el e
[a)] - %’- o - \ 3 SO ard=—==sfang g T~ 3 —————— = gz - [ R
Z e \\g: 0»-0"'0"5 e/&a >8r .e-g':'atfo-‘—— 28 o 7:t:
S °r
5—; | 1 1 1 1 l 1 | | 1 I Il 1 Il 1 1 1 1 I | 1 ol 1
o 0 50 160 o 150 200 330 340
o, 40 ELECTRODE RIGHT SIDE TRIAL 3 —
o NEGATIVE ACCELERATION  LEFT 8th NERVE SECTIONED seoe
5 L0 , g/sec? | CEREBELLECTOMY gooe
2 ol = N e P
- ‘ N\a"’“@;«@ﬁ o‘" = TS=g=—o= B e e g ] M
0 B ]
L I 1 1 l 1 1 1 1 l 1 { 1 l 1 1 1 1 l 1 N ) '.l 1
0 50 100 156 200 330 340
-
40 POSITIVE ACCELERATION TRIAL o e
8/SEC? Bo—s
20 | | . o=
O O~ °~\ 4 :_,___:::::h--.a O,
%Wﬁ' Yo Dt e "‘<§"‘& é&
O -
1 I 1 1 l 1 | 1 1 i 1 | | i 1 1 | 1 1 1 1 | N ) U .
0 50 100 b 150 200 330 340

SECONDS AFTER BEGINNING OF ACCELERATION

Figurve 5.—Cat 1, October 1964 (a) :
nerve on right side.

electrode tip was confirmed to be in the interstitial nucleus of vestibular
The contralateral eighth merve was scctioned and cerebellum removed. Ewaldian cell

received same stimulus series as shown in figures 8 and 4. Note close stimulus-bound nature of response
and trial-to-trial reliability. Cat 19, October 1964 (b) : electrode tip was confirmed to be in lateral vestibular

nucleus on right side.

Contralateral eighth nerve was sectioned and cerebellum removed. Non-Ewaldian

cell first received a negative and positive acceleration of 4°/sect intensity and 45 sec duration, which proved
- to be just at threshold. A stimulus series of 8 /sec? intensity and 30 sec durations was then commenced and
produced eight trials depicted in this graph. Here we find same stimulus-bound response and comparable

reliability to that of the cell shown in upper record.

units. We have seen cell types which vary
from those with no resting discharge and
therefore a totally uni-directional response,
to those with a resting discharge but a clear
directional bias, to such as these in figure 5
with a symmetrical bidirectional discharge.

We do not yet know if the stimulus-bound

response from units in cats in which the
contralateral eighth nerve was sectioned
and the cerebellum removed is characteristic
of that preparation, but it may very well be
the case. Thus far units showing the follow-
ing characteristics have had the cerebellum
and contralateral eighth nerve intact: (a)
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Figure 6.—Slow-phase horizontal nystagmic oulput of man riding in total darkness at center of rotation and
performing a psychophysical task requiring judgments of angular wvelocity. Nystagmus was recorded elec-
trically. Averages of responses from 10 men are plotted for the first and last two trials of an eight trial
series identical to thosc to which cats in figures 8, 4, and 5 were exposed. Negative accelerations arc odd
numbered, and positive accelerations are even numbered. Full range of the response is plotted, including
the reversal in sign of the slow phase after the stimulus cessation; the secondary nystagmus. This stimu-
lator s not one used for cats, and a full deseription of the stimulator and the procedures employed for man

may be found in Brown and Crampton, 1964.

“memory” cell types which respond with
long-duration fixed states, (b) cells with
widely varying periodicities of the resting
frequencies, (¢) units with high frequency
outputs, (d) cells that show large post-
stimulus rebounds or suppressions, and
finally (e) units which show low trial-to-
trial reliability. We do not have enough units
cataloged yet to answer the above question

nor to draw conclusions about the nuclear
membership of the cell types.

Habituation and Adaptation

Figures 6 and 7 show nystagmic outputs
for man and unanesthetized cat in response
to a series of 4°/sec? stimuli exactly like the
one employed for the neurophysiological
studies. The principal features of human
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Figure 7.—Slow-phase horizontal nystagmic output for cat, riding in total darkness at center of rotation, and
under medication of 2.5 mg/kg d-amphetamine to maintain arousel. Nystagmus was recorded electrically,
and average responses for 10 cats are plotted as for man in figure 6. Stimulus series was identical to that
used in previous figures. Stimulator is one used for electrophysiological work; a full description of the
procedures employed in studies of cat nystagmic habituation may be found in Crampton and Brown, 1964.

and feline nystagmus are very much the
same, except that the total response is shorter
for cat, and as indicated by our calibration
technique at least, the slow-phase output
per second is less. Habituation is a promi-
nent feature, more so for cat than for man.
There is no adaptation-like decrement for
cat, and only a little indication of it for man.

There is no good evidence for adaptation
of nystagmic responses to angular accelera-
tion when special care is taken to maintain
a high state of arousal with mental tasks in
man (Collins and Guedry, 1962) or with

d-amphetamine medication in cat. An exami-
nation of all of our records from the vestibu-
lar nuclei thus far shows no prominent evi-
dence for adaptation, although some units
on some occasions will show a slight decline
in discharge rate near-the end of a 45 second
acceleration (fig. 5). The absence of clear
adaptation effects in either the nystagmic
response or in the single units of the vestibu-
lar nuclei places this sense organ in a unique
position among sensory systems.

No regular and progressive decrease in
discharge rate from trial to trial was found.
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This failure to find habituation effects in
single units is in accord with the absence of
nystagmic habituation after accelerations
during barbiturate anesthesia (Fearing and
Mowrer, 1934) and is therefore no clear
indication that habituation effects will not
be found in units studied in unanesthetized
animals. The evidence thus far indicates
that habituation is a central and not a
peripheral or sense organ phenomenon
(Henriksson, Kohut and Fernindez, 1961).
Even so, habituation effects will not neces-
sarily be found in the vestibular nuclei under
any circumstances.

Special care must be taken when evalu-
ating these few records for adaptation or
habituation. We should not assume that all
of the intensive information of acceleration
is coded simply with a monotonic magnitude-
to-frequency conversion. There are other
possibilities, and adaptation and habituation
effects may be elegantly disguised in superb

patterning. For example, some units will
start firing with rapid pairs in which the
spikes have a separation of about 10 msec.
Three or four accelerations later the paired
firing will have disappeared to be replaced
with a more usual spaced discharge. We
have seen one unit within the lateral vestibu-
lar nucleus in which the resting discharge
increased by five to ten spikes per second
from trial to trial and yet the absolute change
in discharge rate in response to acceleration
remained the same. Again, a unit from
within the recticular substance initially re-
sponded to the accelerations with an increase
in rate embellished with a parasitic oscilla-
tory perturbation. The response to accelera-
tions continued with some reduction, but the
oscillations dramatically declined in ampli-
tude with each trial. More subtle phase and
amplitude changes would not be detected
by our simple frequency counts, and sophis-
ticated techniques must be applied to this
important analysis problem.
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DISCUSSION

M. JONES: First, I would like to endorse the fact
that you can pick up almost any cell you like if you
look long enough in the brain stem. Second, the so-
called “vestibular nucleus” is really a rather complex
structure of enormous volume having a wide variety
of afferent and efferent connections: ascending, de-
scending, cerebellar, ete. It just occurred to me that
some of your “holding” units might represent de-
scending pathways passing to the lower limb postural
muscles. For a velocity modulated canal signal, when
integrated, would tell the CNS that a certain dis-

placement had occurred, and this would perhaps be
expected to call for a “holding” pattern of muscle
activity. I wonder if you would agree with this?

CRAMPTON: Indeed. And, I wish to add that previ-
ous brain stem work in cats, so far as I know,
involved removal of the cerebellum before observing
single units. In our case, using a stereotaxic ap-
proach down through the cerebellum, we find a
greater wealth of coding types. I think we have
seen a simplified picture of the coding systems in
data derived from cerebellectomized animals.
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SUMMARY
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A new multidimensional quantitative ataxia test battery employing the “rail
method” of testing was developed to assess more precisely than heretofore postural
equilibrium-disequilibrium under unusual conditions and stresses such as rotating

environments.

High reliability, including test-retest reliability, was demonstrated for each of two
versions: a Long Version employing six rails of varying widths, and a Short Version
employing two of these rails. Normative standards covering a wide age range, and age,
height, and weight influences upon performance, tentative sex differences in perform-
ance, practice effects, and Test Battery relationships with several clinical-type ataxia
tests were determined. Validity of the standardized test procedures in the laboratory,
in the field and in clinical situations was demonstrated, present and future uses of the
Test Battery in normals and auricular-involved individuals in vestibular research as
well as in related research-clinical areas were outlined, and several methodological . (

limitations were indicated.

INTRODUCTION

The disturbances of equilibrium while
standing or walking are diagnostic signs
with a long tradition of usefulness in clinical
medicine. Many procedures have been pro-
posed to quantify these disturbances (refs.
2-5, 8, 9, 11, 16-20, 22, 27, 31-35, 37, 39,
41, 42, 44, 45, 48-62, 65, 66) but almost as
many have not stood the test of time. The
procedures commonly used today, subjective
estimates of disequilibrium, are valued
mainly as rough screening tests to indicate
lines of direction for more precise diagnostic
study and, judging from the small investiga-
tive interest expressed in such tests, it must
be assumed that they are adequate for all
except special purposes.

Our interest in ataxia tests grew out of
the fact that subjects, exposed to the unusual
inertial forces in a rotating environment,
initially experience ataxia then gradually

N

adapt and a quantitative measure of the
time-course of this adaption was needed. The
requirements were stringent inasmuch as it
was necessary to measure small differences
in postural equilibrium over the normal and
abnormal range. It is the purpose of this
report to describe a new ataxia test battery
with numerical scores, demonstrate its reli-
ability and validity and point out some of its
uses in laboratory and clinic.

GENERAL CONSIDERATIONS

The reader is referred elsewhere for a
review of the numerous physiological mecha-
nisms and psychological factors which govern
postural equilibrium and the various patho-
logical alterations which may affect it. Here
it is important only to set forth the guide-
lines which were followed in devising the
test battery, namely (1) selection and cate-
gorization of subjects, (2) medical evalua-

99



100 THE ROLE OF THE VESTIBULAR ORGANS IN THE EXPLORATION OF SPACE . _

tion, (3) standardizing the test procedure,
(4) objectivity in scoring, and (5) choice
of “long” or “short” version of the Test
Battery.

Healthy subjects (Ss) were selected to
provide normative data and were categorized
on the basis of age, sex, height, weight, occu-
pation, etc. All had a recent medical exami-
nation and none complained of postural dif-
ficulties. A more comprehensive examination
including tests of vestibular function was
carried out in the case of groups used in vali-
dation studies. Some of the Ss were selected
on the basis of labyrinthine defects (L-D),
hence manifested vestibular ataxia.

All of the tests were carried out using
“rails” (refs. 5, 7, 8, 10, 12, 13-15, 17-19,
21, 23, 25, 28-30, 39, 43, 46, 47, 52, 59, 64)
with their advantages of flexibility in width
and objectivity in scoring, i.e., the subject
either remained “on” or “fell off.” The
subject was required to remain upright with
arms folded and stand or walk heel-to-toe
as the case might be. Well-fitting shoes with
nonflexible soles and low heels were required.
Inasmuch as the test was interesting, good
motivation was the rule.

Only two measurements were made: (1)
the number of seconds the subject could
“stand” and (2) the number of “steps” he
could take without “falling.” No attempt
was made to grade variations in the amount
of body sway. A number of trials were given
to increase reliability. The test procedures
described in appendix A represent the end
product of evolutionary development during
which many variations of tests were tried
and the various items subjected to statistical
analysis. Two versions of the test evolved—
a Long Version, which utilizes six rails of
varying widths, and a Short Version, which
utilizes only two of these rails.

The Long Version was designed to test in-
dividual performance differences over an ex-
tremely wide age range in both normal and
clinical populations. Although somewhat
time consuming to administer (about 45
min), the Long Version proved ideal for
testing the postural equilibrium perform-

ances of the group of labyrinthine defective
Ss (L-D’s), who participate regularly in the
vestibular research program of this labora-
tory, inasmuch as individual differences
within this group were apparent for each
of the six rails. As our samples of the higher
scoring normal Ss increased, however, it be-
came increasingly clear that a briefer ver-
sion of the Test Battery was needed on the
basis that about one-half of the rails afforded
no performance discrimination whatsoever.

The Long Version serves the original pur-
poses of assessing the performance capabili-
ties of extreme age groups (children and
senior citizens) and certain severe clinical
cases. It offers the major advantage of es-
tablishing subtle individual differences in
such samples.

The Short Version, it will be seen from
our results, serves ideally the purposes of
assessing individual differences in normal
Ss and to fulfill the premium time-saving
requirement imposed by much repeated pre-,
per-, and post-testing of Ss with no vestibular
dysfunétioning or with varying amounts of
vestibular losses, who are exposed to unusual
experimental situations.

TEST BATTERY (LONG VERSION)1

A total of 550 normal males, 11 laby-
rinthine defective males (L-D’s) (college
professors, graduates, or near college gradu-
ates), and 158 females widely varying in age
and occupational status comprise the samples
tested with the Long Version of the Test
Battery. The samples include highly experi-
enced Naval and Marine Corps test pilots
and aviators, including Project Gemini ap-
plicants (one is now a Gemini astronaut),
military flight surgeons, Naval and Marine
Corps student aviators and “Project Astro-
naut Candidates” (ref. 1), military officers
and enlisted personnel, firemen, college pro-
fessors, college students, senior citizens, cler-
ical and technical medical staff, physicians,

1 Test Battery refers only to the three tests under-
taken on the rails, viz., Walk H/T (walking heel-to-
toe with eyes open), Stand E/O (standing heel-to-toe
with eyes open), and Stand E/C (standing heel-to-
toe with eyes closed).
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medical students, nurses, scientists, and high
school students.

The Test Battery, the Classical Romberg
Test (ref. 50) and the Sharpened Romberg
Test (SR) (ref. 4), which were undertaken
by these Ss, are described fully in terms of
materials, administration, and scoring pro-
cedures in appendix A.

Normative Data

Test Battery means and standard devia-
tions by age classification in the samples of
male and female populations are shown in
table I. The ranges of scores observed in
each sample and the percentile rankings are
contained in table II. There are marked in-
dividual . differences in performance. The
two standing tests appear to be more sensi-
tive to age increase than is the Walk H/T
test. In males, standing test performances
appear to decline significantly as early as
age 43, and Walk H/T performance appears
to decline significantly at the later age of
54. A strict assessment of sex differences
was not considered practical because of great
variability in the footwear of our female
samples as opposed to great uniformity of
footwear in our male samples. In our opin-
ion, however, sex differences will still be

apparent when tests of this variable are
carried out.

Reliability

Intratest correlations (r’s between best
trial and second best trial) of Walk H/T
ranged from 0.75 to 0.92; intratest correla-
tions of Stand E/O and Stand E/C ranged
from 0.83 to 0.96. Test-retest reliabilities
ranged from moderate to high (r’s of 0.57
to 0.96) over a period of seven successive
test sessions in a group of twelve normal Ss.

Practice Effects

Walk H/T performance plateaued at 9
percent improvement on the fourth day;
Stand E/O performance plateaued at 29 per-
cent improvement on the fourth day; Stand
E/C performance plateaued at 9 percent
improvement on the fifth day.

Interest Relationships

Correlations between Walk H/T and Stand
E/O ranged from 0.37 to 0.69; correlations
between Walk H/T and Stand E/C ranged
from 0.13 to 0.48; correlations between
Stand E/O and Stand E/C ranged from 0.41
to 0.61. It is apparent from these results
that each test comprising the Test Battery

Table 1.—Test Battery (Long Version) Means and Standard Deviations by
Age Classification in Samples of Male* and Female Populations

A Walk H/T test Stand E/O test Stand E/C test
N £e
range Mean S.D. Mean S.D. Mean S.D.
Males
32 13-16 51.3 5.36 469.2 64.09 196.0 89.45
424 17-42 54.8 4.53 483.1 59.16 203.7 98.61
9 43-50 56.7 4.08 457.4 88.78 150.4 98.01
4 51-53 54.5 5.50 416.3 92.19 120.8 70.97
7 54-66 45.3 9.11 322.1 139.01 101.7 67.88
Females
28 14-16 51.5 4.26 489.6 41.71 225.8 69.08
112 17-42 51.3 4.66 486.2 54.49 232.3 99.562
7 43-50 46.6 6.64 475.6 33.95 196.1 107.24
2 51-53 43.0 1.00 320.0 32.00 49.5 1.50
9 54-67 41.0 10.34 296.8 140.73 90.7 77.78

" These samples do not include 74 student military aviators and “Project Astronaut

Candidates.”
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relates only moderately to each other test and
thereby suggests a nearly ideal distinctness
desired in a battery of tests designed to
measure complex performances referred to
singularly as ataxia, or postural equilibrium.

Height and Weight Influences

All correlations with height and weight
(except in highly heterogeneous samples)
were very low, or zero order, and had negligi-
ble influences upon performance.

Validity
Labyrinthine Defective Group

The majority of this group scored at the
1st percentile on each of the tests. In this
group virtually no improvement with ex-
tended practice was shown in their Stand
E/C performances (only 3 percent), whereas
Walk H/T and Stand E/O performances
typically improved rather markedly—70 per-
cent and 60 percent, respectively, over seven
daily retest periods.

Prediction of Motion Sickness Susceptibility

In a small group of male Ss (N = 15), who
were evaluated with regard to susceptibility
to motion sickness by means of a motion
sickness questionnaire, a boat ride, exhaus-
tive motion sickness-arousing air ride, and
rotations on the Pensacola Slow Rotating
Room and the Toronto Counter Rotating
Platform (ref. 24), susceptibility to motion
sickness was predicted to a moderate extent;
correlations with the Test Battery ranged
from 0.50 to 0.75.

Discriminatory Power and Limitations
of the Long Version

Intercorrelations of performances by nor-
mals on each of the six rails disclosed that
Rail 5 (34 in. wide) showed highest com-
munality with the remaining rails in the case
of Walk H/T and Stand E/O, and Rail 2.
(2-1/, in. wide) showed highest communality
in the case of the Stand E/C test. Conse-
quently, in the interest of economy we pilot-
tested a large number of randomly selected
miscellaneous normal Ss, with the modified

procedure of scoring the best three trials out
of five trials and the Short Version of our
Test Battery was derived utilizing these two
rails.

TEST BATTERY (SHORT VERSION)

A total of 828 normal males, 10 of the
L-D’s tested previously on the Long Version,
17 male otoneurological cases, 99 normal fe-
males, and 15 female otoneurological cases
comprise the samples tested. These included
experienced military aviators, Naval and
Marine Corps student aviators and “Project
Astronaut Candidates,” flight surgeons, mili-
tary officers, enlisted personnel, and military
and civilian scientific, clerical, and technical
personnel.

The Test Battery (Short Version) and the
SR test was undertaken by all Ss, and many
of the Ss undertook in addition the Stand
One Leg Eyes Closed test (SOLEC) (refs. 5,
8, 65), and the Walk Line Eyes Closed test
(WALEC) (refs. 42, 58). These are described
fully in terms of materials, administration
and scoring procedures in appendix A. Score
sheet is shown in table III.

Normative Data

Samples tested to date range 17-59 years
in age. As with the Long Version, there are
marked individual differences in the capabil-
ities tapped by the Short Version, and there
is considerable overlap in the performances
of older and younger individuals (table IV).
The ranges of scores observed and the per-
centile equivalents are shown in table V. In
the males sampled, performance declines
significantly in about the age range of 43 to
53 years. Analysis of possible sex differences
in performances again was not considered
practical in view of marked variability of
footwear in the female samples as opposed
to virtual uniformity of footwear in the male
samples.

Intratest Reliability

Intratest correlations (best trial with sec-
ond best, best trial with third best, and sec-
ond best with third best) of Walk H/T scores
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Table I1I.—Score Sheet

NAME (Last)

DATE

DATE OF BIRTH (Mo.) (Day)

(Yr.) AGE SEX

HEIGHT WEIGHT

OCCUPATION

STAND

TRIAL OPEN

WALK

STAND
CLOSED

STAND ONE LEG CLOSED

SR
RT. LT.

4

5

TOTALSL

POSTURAL EQUILIBRIUM TEST SERIES Navscolavnmed 3950/1 (7-63)

Table IV.—Test Battery (Short Version) Means and Standard Deviations by Age
Classification in Samples of Male and Female Populations

A Walk H/T test Stand E/O test Stand E/C test
ge
N N
range Mean S.D. Mean S.D. Mean S.D.
Males
340 17-42 12.5 2.62 37.6 31.98 103.8 58.37
471 43-50 10.4 3.10 19.1 13.47 52.0 45.90
17 51-53 9.2 3.99 13.2 5.87 24.2 14.09
Females
41 18-29 11.5 2.66 26.7 14.05 84.6 60.92
47 30-49 9.9 2.95 18.8 10.65 49.1 43.33
11 50-59 8.8 4.00 13.5 5.90 42.6 37.61

ranged from 0.71 to 0.90, of Stand E/O
scores from 0.89 to 0.96, and of Stand E/C
scores from 0.82 to 0.96. Thus, performance
on a given test utilizing a single rail, as op-
posed to utilizing six rails formerly, dupli-
cated the high reliability established for the
Long Version.

Test-Retest Reliability

In a group of twelve normal male Ss in the
age range 18-49, who undertook ten succes-

sive daily performances (two additional
daily retests were administered while Ss
wore basketball shoes) on the Test Battery,
test-retest reliabilities, computed by correla-
tions of Day 1 performance with mean per-
formances on Days 2 through 10, were 0.40,
0.86, and 0.91 for Walk H/T, Stand E/O, and
Stand E/C, respectively. Other combinations
of initial and early performances correlated
with later, practiced performances yielded

W
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virtually identical coefficients. Substantial
repeatability of standing test performances
was apparent. The lower reliability of Walk
H/T performance reflects the more rapid
rate of learning afforded both by the locomo-
tor aspect of this test, and, in turn, a more
easily attained perfect score than is found
on the standing tests. Comparisons of Days
1 and 2 (combined) with Days 9 and 10
(combined) performances revealed 26 per-
cent improvement on Walk H/T, 77 percent
on Stand E/O, and 82 percent on the Stand
E/C test.

Practice Effects and Effects of Footwear Upon
Highly Practiced Performance
These results are summarized in figure 1.
In the group of 12 normal male Ss, perform-
ances improved in almost linear fashion
throughout the 10-day period, although the
improvements were relatively slight follow-
ing the plateau points on the learning curve.
Plateaus in Walk H/T, Stand E/O, and
Stand E/C performances were realized on
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Figure 1.—Influences of practice and of type of foot-
wear on Test Battery (Short Version) perform-

ance in a group of (N = 12) normal male sub-
jects.
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the third day, fourth day, and fifth day, re-
spectively. The detrimental effects of wear-
ing basketball shoes upon highly practiced
standing test performances (obtained while
the Ss wore street shoes) was to the extent
of a 44 percent decrease in Stand E/O per-
formance and a 47 percent decrease in Stand
E/C performance. In marked contrast, Walk
H/T performance decreased a mere 6 per-
cent, indicating that the loss of stability due
to basketball shoes was almost completely
compensated for on Walk H/T and very

poorly compensated for on the two standing
tests.

Interest Relationships
Correlations among the three distinct tests
comprising the Short Version corresponded
very nearly to those reported for the Long
Version. The correlations ranged from 0.19

to 0.51.

Height and Weight Influences
The correlations with the Test Battery
were very low, or zero order, and negligible
for differentiation and prediction purposes—

a finding in keeping with results on the Long
Version.

Validity
The Identification of Individuals
With Auricular Defects
The mean performance scores of L-D’s,

streptomycin-treated Méniére’s cases, and
clinical cases which include postural vertigo,
positional nystagmus, Méniére’s pseudo-
Méniére’s, and labyrinthitis, were compared
with the mean performance scores of an
equivalent number of randomly sampled, age-
matched normal, symptom-free individuals.
In all instances, the performances of individ-
uals with auricular involvement were signifi-
cantly poorer than the performances of the
normals.

Relationships with Threshold Caloric Responses

The performances of 11 symptom-free
male individuals with below normal thresh-
old caloric responses (=35.0° C) were com-
pared with the performances of eleven ran-
domly sampled normal male individuals with
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normal threshold caloric responses (36.0° to
36.6° C). Both Stand E/O and Stand E/C
performances were identified with depressed
semicircular canal sensitivity insofar as such
sensitivity is reflected by caloric responses
in the range of 85.0° C and below (0.02 level
of confidence). Mean Walk H/T perform-
ances in the two groups were virtually identi-
cal.

Identification of Canal Sickness Susceptibility

In a sample of 20 normal male Ss the test
performances of the ten most susceptible to
canal sickness on the SRR were compared to
the test performances of the 10 remaining,
i.e., least susceptible, Ss. Susceptibility in
this instance was defined as a rank ordering
of the 20 Ss in terms of the number of dial
sequences completed during rotation and
qualitative ratings by an observer (ref. 38).
Generally, on all three tests the 10 most
susceptible Ss as a group attained higher
performance scores than those attained by
the least susceptible Ss. To this extent, the
Test Battery would appear to reflect sensi-
tivity to canal sickness, which is a finding in
parallel with predictability of motion sick-
ness from Long Version performance.

Effects of Prolonged Rotation in the Pensacola Slow
Rotation Rooms

Prerotation Test Battery performances
were compared with postrotation perform-
ances in several groups of normal Ss who
were rotated at 10 rpm for 12 days in the
SRR (ref. 25). Post-testing occurred immedi-
ately upon cessation of rotation, and in all
instances severe declines in test perform-
ances were evidenced. Daily retesting during
the post-rotation periods revealed complete
recovery, within 24-72 hours, of all Test
Battery performances except Stand E/C per-
formances. The visually influenced perform-
ances on the Walk H/T and Stand E/O tests
had not only reccvered but improved,
whereas the non-visually-influenced Stand
E/C performances proved more sensitive to
the influences of prolonged rotation.

Influences of Moderate and Severe Sea Conditions
Upon Performance

In the Nova Scotia Experiment (to be pub-
lished soon) twenty normal male Ss with-
stood a 25-hour ride on an ocean-going tug
in midwinter during moderate to rough sea
conditions between Nova Scotia and New-
foundland. Baseline Test Battery perform-
ances, which were obtained prior to the ex-
periment, were compared with performances
obtained within 30 minutes to 4 hours, within
16-21 hours, and at 36 hours following the
sea experience. Comparisons were made by
the split-half method, i.e., the ten Ss with the
highest baseline performance scores on each
test of the Test Battery were compared with
the remaining 10 Ss having the lowest base-
line performance scores. It was revealed
(fig. 2) that the performances of the
lowest scoring Ss were hardly affected by
the sea experience; indeed, those who did not
at least maintain their baseline performance
levels showed significant improvements in
performance. The ten initially highest scor-
ing Ss, in marked contrast, showed signifi-
cant decreases in performances. Both the
Walk H/T and Stand E/O performances of
these sensitive Ss recovered to baseline level
within 16-21 hours, but Stand E/C perform-
ances had only partially recovered within 36
hours of the sea experience. This Stand E/C
result is reminiscent of the delayed recovery
of Stand E/C performances of the several
groups of Ss exposed to prolonged rotation
in the SRR.

Ten L-D male Ss acted as the control group
in the Nova Scotia Experiment. As expected,
the Test Battery performances of the L-D
group were not at all affected by the sea ex-
perience. Indeed, as was the case with the
low scoring (relatively insusceptible) nor-
mals, performances during the post-testing
periods were either maintained or improved.

Relationships with Trampoline Performance

From each of several successive classes of
student aviators undertaking physical train-
ing in the School of Pre-Flight, two to four
men at the very top in terms of proficiency
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Figure 2.—Recoverability from moderate to severe sea conditions, reflected by Test Battery (Short Version)
performance, as a function of baseline performance of normal males.

on the trampoline and two to four men at the
very bottom in trampoline proficiency were
selected for performance testing.? It was
found that the top group on the trampoline
scored higher on Walk H/T (0.01 confidence
level) and Stand E/O (0.10 confidence level)
than did the bottom group. The means of the
two groups on Stand E/C were virtually
identical. Inasmuch as the group mean dif-
ferences observed were limited to the two
visually enhanced postural equilibrium per-
formances, it is suggested that visual-motor,
primarily locomotor, factors (vs. vestibulo-
motor factors) underlie the relationships
found between Test Battery and trampoline
performance.

Some Relationships with Several Clinical-Type
Ataxia Tests
Several individuals who undertook the
Test Battery undertook also the following
tests described fully in appendix A: Sharp-

2Ss were very carefully selected by Joseph F.
Lowder, Physical Education Instructor, Naval School
of Pre-Flight and Coach, Navy “Starflights” trampo-
line demonstration team.

ened Romberg, Stand One Leg Eyes Closed,
and Walk Line Eyes Closed. The Test Battery
performances of normal male Ss who scored
perfectly on these clinical-type tests were
compared with the Test Battery perform-
ances of age-matched normal male subjects
who had scored less than perfect on the
clinical-type ataxia tests. Generally, results
were in the direction of positive relation-
ships between Test Battery scores and scores
obtained on the ataxia tests. Notably, in-
dividuals with “perfect” ataxia test scores
generally scored higher (better) on the
Stand E/O and Stand E/C tests than did
those individuals with less than perfect
ataxia test scores. There were no significant
differences, however, in Walk H/T perform-
ances between the two groups, and under-
standably, none of the correlations between
Walk H/T and the ataxia tests were statis-
tically significant.

Comparative Difficulty in Performing the Stand
E/C Test and the SR Test in Relation to Age

The only procedural difference between
the SR Test and the Stand E/C Test is that
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the SR was performed while Ss stood on the
floor, whereas the Stand E/C Test was per-
formed while Ss stood on a 21/ inches wide
rail. Standing for a period of 60 seconds in
position with eyes closed constituted a per-
fect score on each of the two tests. The two
tests appeared to most subjects, deceptively,
to be of equivalent difficulty. Consequently,
most of our subjects expressed surprise, if
not chagrin, at their considerably greater
difficulty in performing on the rail than on
the floor. Quantitative comparisons of the
two tests in terms of difficulty in samples
of male subjects (N=530) and female sub-
jects (N=211) in various age ranges re-
vealed remarkable differences between the
two tests. Some 24 percent to 92 percent
of the subjects scored perfectly on the first
trial of the SR Test, but only 3 percent to
2314 percent of the subjects scored perfectly
on the first trial of the Stand E/C Test.
Eighty-seven percent of the younger sub-
jects (ages 19-26) scored perfect first trials
on the SR, and only 56 percent of the older
Ss (ages 43-53) did so. But greater still
was the percentage differences in Stand E/C
performance between the younger group and
the older group—18 percent perfect first trial
scores in the younger group vs. only 314 per-
cent perfect first trial scores in the older
group. These findings reflect a mean age
difference between the two groups of 23
years.

Influence of Alcohol Upon Test Battery and Clinical
Type Ataxia Test Performances

As part of a larger study (in preparation
for publication in collaboration with Martin
Bergstedt), which included positional alco-
hol nystagmus measurements and blood al-
cohol measurements, 13 Ss were posture-
tested 30 minutes, 1 hour, 2 hours, 3 hours,
414 hours, 6 hours, and 7 hours after con-
suming 80-proof vodka on an empty stomach
in the amount of 1 cc per Ib. body wt. in the
following sequence: (1) SR; (2) Walk H/T;
(3) Stand E/O; (4) Stand E/C; (5-6)
SOLEC L & R; (7) WALEC (each of these seven
tests were administered repeatedly at the

intervals indicated). The entire experiment
was duplicated 2 days later with the same
subjects but with 100-proof vodka as the
stimulus. The alcohol had the immediate
effect of producing a marked decrement in
performance by all subjects on all seven
tests. Peak decrements in performance were
evidenced 1 hour after alcohol intake, and
performances did not recover to baseline level
until 3 to 7 hours after alcohol intake. Gen-
erally, the 100-proof vodka provided greater
performance decrement than did the 80-
proof, and the recovery period with the 100-
proof was somewhat longer than with the
80-proof. The SR Test proved least sensitive
to alcohol both in terms of decrement and
recovery time, whereas the Test Battery
proved most sensitive in terms of recovery
time although it tended to equal the SOLEC
and WALEC in terms of the extent of perform-
ance decrement.

Several L-D subjects undertook, identi-
cally, this alcohol experiment with the in-
teresting result that, unlike normal subjects,
they did not suffer performance decrements
on the nonvisual tests despite the adequate
stimuli, suggesting that the vestibular ap-
paratus is an essential component of ataxia
due to alcohol stimulation.

DISCUSSION

The normal standards set forth must be
regarded as tentative. The most reliable fig-
ures are those for males in the 17 to 53 age
range. These values are representative of
the scores obtained on subjects who not
only had passed the flight medical examina-
tion on more than one occasion but also had
demonstrated in the performance of their
professional and recreational activities, free-
dom from significant disturbances of psycho-
physiological mechanisms governing postural
equilibrium. In the great majority the func-
tional status of the semicircular canals and
otolith organs was not determined specifi-
cally and, had this been done, some would
have been eliminated from the “normal”
group. It is worth noting, however, that
when comprehensive evaluations were car-
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ried out in the case of aviators with low
scores the findings usually revealed no defi-
nite abnormality. In some instances, even
after practice the scores remained low sug-
gesting either an inherited lack of skill or
some cryptic disorder.

In the female populations the normative
values are faulted partly on the basis of a
limited medical examination and partly by
the fact that in some instances the fitting
of the shoes was less than ideal. Neverthe-
less the values are probably not far from
“normal” and are included as a guide indi-
cating that significant sex differences exist.

While the usefulness of any ataxia test is
dependent on the establishment of normal
values, this dependence is lessened when
serial measurements are made on a single
person. In the experimental situation each
subject serves as his own control; in clinical
evaluations, the improvements in score or
lack of it in one or more test items consti-
tutes an additional “lead.”

Our experience with the Test Battery has
centered mainly around its use in measuring
vestibular ataxia. It was found to be a reli-
able indicator both of loss of function and
disturbed function. With regard to the
former, our findings suggest that small loss
(or suppression) of semicircular canal func-
tion in the presence of normal otolith func-
tion, as revealed by the counterrolling test, is
sufficient to cause slight ataxia. This is sup-
ported by the results of Igarashi, et al. (ref.
36), who produced ataxia in squirrel monkeys
by the administration of streptomycin sul-
fate. Subsequent pathological studies re-
vealed a significant loss of sensory epithelium
of the cristae with little or no pathological
changes in the maculae. The significance of
these findings should be limited only to the
probability that loss of semicircular canal
function alone may lead to ataxia; the data
are insufficient to evaluate fully the relative
roles of both vestibular organs.

It was found that the ataxia in subjects
with bilateral loss of labyrinthine function
could be reduced with practice. This reduc-
tion was slight in the absence of visual cues,

moderate in standing with eyes open and
substantial when walking with eyes open.
In addition to demonstrating the role of
vision and the advantage of better cues in
the more dynamic test, walking compared
with standing, it pointed out the desirability
of training such subjects to improve their
postural equilibrium. The experience with
L-D subjects raises the question whether
such training should be given to all persons
with abnormally low performance scores.
Old persons, for example, who have become
“unsteady’” might improve their postural
equilibrium with appropriate training. Their
performance level and improvement with
practice could be determined easily. Such
improvement might represent the loss in skill
imposed by avoiding all circumstances where
a test of skill is involved. That even L-D
subjects can improve their Test Battery
performance with practice (Stand E/C per-
formance excepted) underscores the neces-
sity of practice to reach performance pla-
teaus before undertaking validation studies
if maximum results are to be realized.

Further experience with the Test Battery
is needed to determine its limitations and
exploit its usefulness. Its adaptability to
clinic or laboratory readily can be made for
either general or specific purposes.

In the laboratory, it would appear to have
great value in measuring adaptation in dy-
namic force environments, as our experiences
with the Slow Rotating Rooms have shown
(refs. 6, 23, 25). The time courses of adap-
tation and rates of recovery may be studied
multidimensionally in a minimum of time
with the expectation of reasonable returns
for the effort. It is hoped that this, or ex-
tensions of this, approach will throw more
light on the problem of understanding dif-
ferential effects within the vestibular appa-
ratus in its varied responses to differential
force environments.

In the clinic, particularly otolaryngology,
neurology, and geriatrics, greater attention
to finer, differential details of postural
equilibrium funectioning may facilitate diag-
nostic and treatment formulations. The time
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course of a disturbance or recovery of a dis-
order may be assessed as easily as induced
disorders in the laboratory. Moreover, in
the process of such continued observations
additional clues to novel as well as conven-
tional methods of rehabilitation may evolve.
As reservoirs of information so obtained
more or less routinely build up, unique pat-
terns of functioning peculiar to given diag-
nostic categories might well become revealed
and perforce aid expedition of medical situa-
tions in which ataxia is part of the problem.
Awaiting all researchers who seek a fuller
understanding of postural equilibrium func-
tioning are such problems as elaborating the
practical as well as theoretical significance
of appreciable differences between a given
individual’s visual and non-visual perform-
ance capabilities, of differentiating more
carefully locomotor and other types of ataxia
from vestibular ataxia, of clarifying the no-
tion of an “otolithic ataxia” vs. a ‘“semicir-
cular canal ataxia,” of definitively measuring
differences between “dynamic” and “static”’
equilibrium, and of delineating apparent
differences between nature- and nurture-
influences upon equilibration generally.
Available vehicles for such research in-
clude the systematic study of such unusual
individuals as congenitally and adventitiously
blind persons with and without vestibular
dysfunctioning, persons with unilateral and
bilateral vestibular dysfunctioning ranging
from “minimal” to “complete,” persons with
circumscribed neurological handicaps and
disorders involving the vestibular pathways,
and apparently normal individuals with ex-
traordinarily good postural equilibrium func-
tioning. Most desirable are longitudinal
studies which systematically include vestibu-
lar evaluations as part of the complete medi-
cal evaluation (refs. 26, 40), and ideally the
cross-sectional and longitudinal vestibular
functional testing of large numbers of in-
dividuals at all ages whose temporal bones
will, eventually, be made available for
structural-functional correlational analysis.
If in such studies the postural equilibrium
evaluations are quantified, then data process-

ing would be facilitated considerably by
modern computers.

The high reliability, in our experience, of
both versions of the Test Battery, and their
demonstrated validity in terms of reflecting
auricular involvement and related sensory-
motor functioning in widely varied situa-
tions suggests their usefulness generally as
a tool for enhancing vestibular test batteries
designed for more than cursory assessment
of postural equilibrium functioning. In addi-
tion to high reliability and evidence of
validity, each version combines uniquely the
advantages of the rail method of testing,
stringent body position, high ego-involving
task interest and novelty, objectivity of scor-
ing, uniformity and ease of administration
(particularly the Short Version), and multi-
dimensional sensitivity—locomotor vs. static,
visual vs. nonvisual, sensory vs. motor, and
especially visual-motor vs. vestibular-motor
functioning. Moreover, there is an approach-
ing abundance of normative data.

In the laboratory, the Test Battery (Short
Version) has been found useful as a tool for
the study of: (1) the influences, generally,
of various types and degrees of clinically-
or experimentally-induced vestibular disturb-
ances; (2) adaptation and habituation to un-
usual force environments; (3) the nature of
rotation and post-rotation effects (refs. 6, 23—
25, 47); (4) the effectiveness of antimotion
sickness drugs and other pharmacological
agents (ref. 63); and (5) relationships be-
tween postural equilibrium functioning and
such conventional vestibular functional tests
as responses to caloric irrigation, cupulom-
etry, counterrolling responses, etc. The
Test Battery may prove useful in the study
of : (1) the influences of sensory and sensory-
motor alterations or stresses (isolation, dep-
rivation, fatigue, boredom, suggestibility,
ete.) (ref. 59); (2) short- and long-term
neuromuscular effects (including muscle at-
rophy) of zero g and sub-g environments
including water immersion and rotating
space vehicles; (3) the influences of physio-
logical aging and of physical fitness. In the
clinic one or the other version of the Test
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Battery may prove invaluable for the study
of problems in otolaryngology, neurology,
and geriatrics.

Methodological limitations of the Test Bat-
tery? include the following: (1) differential
test sensitivity, e.g., Walking vs. Standing,
or Stand Eyes Open vs. Stand Eyes Closed
performances, even where subjects serve as
their own controls, cannot be strictly assessed
inasmuch as the rails were not equated as to

3 The limitations are equally applicable to other
ataxia tests including the clinical-type ataxia tests
and, generally, to other types of multi-dimensional
performance tests.

difficulty, and, accordingly, (2) comparative
performance effects, such as exposure to
prolonged rotation, between groups un-
matched in performance skills, e.g., vestibu-
lar defective individuals vs. vestibular nor-
mal individuals, cannot be strictly assessed,
and (3) performances on any or all of the
tests comprising the Test Battery do not
portend definition nor even representation
necessarily of postural equilibrium (or
ataxia) however it may be defined, subjec-
tively or objectively, by any other test or
battery of tests.

APPENDIX A—POSTURAL EQUILIBRIUM TESTS AND CLINICAL-TYPE ATAXIA TESTS: APPARATUS,
AND ADMINISTRATION AND SCORING PROCEDURES

APPARATUS +

Test Battery (Long Version)

Six rails of pine wood construction, each
8 feet long and each superimposed on its 514
inches wide plywood base, and each with
width and height dimensions as follows: rail
1: 234 in. wide and 1 in. high (above base) ;
rail 2: 214 in. wide and 1 in. high; rail 3: 134
in. wide and 1 in. high; rail 4: 114 in. wide
and 1in. high; rail 5: 34 in. wide and 114 in.
high; rail 6: 14 in. wide and 1% in. high.
The four widest rails are attached to the
top of the base, whereas the two narrowest
rails are inserted within the base and held
there by screws underneath to provide ade-
quate support. Rails 5 and 6 are 14 in.
higher from the base than rails 1-4 to pre-
vent Ss from obtaining support from the
base by means of overriding the feet. Also,
to prevent splintering, primarily of rails 5
and 6, the top of each rail is covered by %
in. thick fiber glass attached by means of or-
dinary glue. However, any wear-resistant,
nonslip surface material equivalent to fiber
glass would have proved satisfactory. To
prevent warping, each rail is secured to the
floor with screws through the base. The
rails are situated in parallel position at 22-
inch intervals (fig. 3).

4 Utmost safety precaution is necessary on the

part of the examiner to prevent possible injury of Ss
from inadvertent falling.

Figure 3.—Test Battery (Long Version): A, Walk
H/T Test (walking with eyes open); B, Stand
E/O Test (standing with eyes open); and C,
Stand E/C Test (standing with eyes closed).

A more durable version of the apparatus
consists of a singular metal base (with the
same dimensions as each wooden base) with-
in each of six metal rails (with sand-blasted
top surfaces and with dimensions identical
with the wooden version) may be inserted
readily by simple turning of two rigid-
securing hand screws. Four pairs of set
screws within the base permit leveling on
uneven floors.

L\
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Figure 4.—Test Battery (Short Version): A-B, Walk H/T Test (on Y-inch-wide rail); C, Stand E/O Test
(on ¥-inch-wide rail) ; and D-E, Stand E/C Test (on 2V -inch-wide rail).

Test Battery (Short Version)
Rail 2 (214, in. wide, 30 in. long) and rail
5 (34 in. wide, 8 ft. long) of the Long Ver-
sion (wood version or metal version) (fig.
4), or a portable, foldable metal unit specific
to the Short Version.

METHOD
Test Battery (Long Version)

The tests were performed with shoes on.
Most male Ss wore a military or military-
type shoe with relatively thick soles, whereas
most female Ss wore relatively thin-soled
flats. Prior to testing, all Ss read the follow-
ing instructions:

Test Battery (Long Version)
Instructions
Test Sequence:
(a) Walking with eyes open on each of
six rails of varying width
(b) Standing with eyes open on each of
the six rails®
5 Normal Ss began on rail 3, and if a perfect score
was attained S was credited with perfect perform-
ances on rails 1 and 2. If score on rail 3 was less
than perfect, testing was undertaken on rail 2 (and
rail 1 if necessary) and upon completion S proceeded
to rail 4.

(¢) Standing with eyes closed on each of

the six rails
Body Position for All Tests:

(a) Body erect or nearly erect

(b) Arms folded against chest

(¢) Feet in heel-to-toe position

(d) Feet tandemly alined

Scoring : The best two out of three trials con-
stitutes the scoring of each test.

(a) Walk H/T Test—The first two steps,
which are necessary for positioning
on the rail, are not scored. A trial
begins when the third step is taken.

(b) Stand E/O Test—Timing begins as
soon as correct position on the rail
is assumed.

(c) Stand E/C Test—You may take un-
limited time for positioning yourself
on the rail first with your eyes open.
Timing will begin as soon as you close
your eyes. Examiner will observe
your eyes carefully, so that signaling
the examiner is unnecessary.

General:
As there does not appear to be any single
“best method,” you must develop (rap-
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idly) your own techniques. You may posi-
tion your head up or down and/or forward
or backward; you may lean forward or
backward slightly if you do not prefer a
perfectly erect position; between trials, al-
ternation of the feet is permissible; you
may place more weight on your front foot
than on your rear foot or vice versa, or
you may distribute your weight equally.
However, a stooping position should be
avoided.

After S read the instructions the examiner
demonstrated all procedures and attempted
to answer all questions raised about the man-
ner of performing. The brief demonstration
included illustrations of correct vs. incorrect
body and foot positions, two or three demon-
strations of walking one or more rails with
emphasis that speed of walking should be
considered secondary to negotiating the rails,
and one or more demonstrations of appro-
priate positions for standing with eyes open
and closed. The importance of maintaining
the tandem, heel-to-toe position was re-
emphasized as often as necessary. Ss were
requested to avoid signaling the examiner
upon closing the eyes to minimize losses of
assumed position (s) on the rail(s).

Not included on the score sheet were the
“false starts,” defined as inadequate initial
positioning on the rail leading to immediate
loss of equilibrium on any trial, or a low
time score (usually 2 or 3 seconds) not in
keeping with a given S’s generally higher
level of performance. (Faulty techniques
may be distinguished from inability even by
inexperienced examiners.) The scoring pro-
cedures were as follows:

Scoring Procedures

Walk H/T Test
(a) Each correct step is scored as one

(step)

(b) Maximum trial score equals five
(steps)

(¢) Maximum rail score equals ten

(steps), or total of the two best trials
(d) Total score equals 60 (steps), the sum
of all six rail scores.

Stand E/O Test
(a) Timing, to the nearest second, begins
when S assumes correct and balanced
position on the rail, and timing ends
at 60 seconds, or when S violates his
position or falls off the rail

(b) Maximum trial score equals 60 (sec-

onds)

(¢) Maximum rail score equals 120 (sec-

onds), the sum of the two best trials

(d) Total score equals 720 (seconds), the

sum of all six rail scores.
Stand E/C Test
(a) Timing begins as soon as positioned
S closes his eyes, and timing ends at
60 seconds or when S violates his posi-
tion, or opens his eyes, or falls off of
the rail

(b) Maximum trial score equals 60 (sec-

_ onds)

(¢) Maximum rail score equals 120 (sec-

onds), the sum of the two best trials

(d) Total score equals 720 (seconds), the

sum of all six rail scores.

Classical and Sharpened Romberg Proce-
dures.—Prior to undertaking the Test Bat-
tery, Ss were administered one trial of the
Classical Romberg Test with eyes closed. Ss
who failed to stand the required 60 seconds
were then administered one trial of the
Classical Romberg Test with eyes open. These
Ss then were administered one trial in the
Sharpened Romberg position with eyes
closed. (The Sharpened Romberg position
refers to the following: S attempts standing
on floor for 60 seconds in arms-folded-
against-chest, feet tandemly alined and heel-
to-toe.) Ss who failed to stand the required
60 seconds then attempted to stand in the
Sharpened Romberg position for a period of
60 seconds with eyes open.

Test Battery (Short Version)

As with the Long Version, the tests were
performed with shoes on. Again, most of
the males wore a military or military-type
shoe, whereas most female Ss wore relatively
thin-soled flats. Prior to testing, all Ss read
the following instruction sheet:
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Test Battery (Short Version)

Instructions

Test Sequence:

(a) Walking with eyes open on a %, in.
wide rail

(b) Standing with eyes open on a % in.
wide rail

(¢) Standing with eyes closed on a 21/
in. wide rail

Body Position for All Tests:

(a) Body erect or nearly erect

(b) Arms folded against chest

(¢) Feet in heel-to-toe position

(d) Feet tandemly alined

Scoring: The best three out of five trials con-
stitutes the scoring procedure.

(a) Walk H/T Test—The first two steps,
which are necessary for positioning
on the rail, are not scored. A trial
begins when the third step is taken.

(b) Stand E/O Test—Timing begins as
soon as correct position on the rail is
assumed.

(¢) Stand E/C Test—You may take un-
limited time for positioning yourself
on the rail first with your eyes open.
Timing will begin as soon as you
close your eyes. Examiner will ob-
serve your eyes carefully, so that sig-
naling the examiner is unnecessary.

General:

As there does not appear to be any single

“best method,” you must develop (rap-

idly) your own technique. You may posi-

tion your head up or down and/or forward
or backward; you may lean forward or

backward slightly if you do not prefer a

perfectly erect position; betwween tiials,

alternation of the feet is permissible; you
may place more weight on your front foot
than on your rear foot or vice versa, or
you may distribute your weight equally.

However, a stooping position should be

avoided.

As with the Long Version, after S read
instructions the examiner demonstrated all
procedures and answered all questions raised
about the performance procedures. Exam-
iner gave two or three demonstrations of

walking the 3/ in. wide rail and one or two
demonstrations of standing on each of the
two rails. The scoring procedures were as
follows:

Scoring Procedures
Walk H/T Test

(a) Each correct step is scored as one
(step)

(b) Maximum trial
(steps)

(c) Maximum test score equals fifteen
(steps), the sum of the three best
trials.

Stand E/O Test

(a) Timing, to the nearest second, begins
when S assumes correct and balanced
position on the rail, and timing ends
at 60 seconds, or when S violates his
position or falls off the rail

(b) Maximum trial score equals 60 (sec-
onds)

(¢) Maximum test score equals 180 (sec-
onds), the sum of the three best trials.

Stand E/C Test

(a) Timing begins as soon as positioned
S closes his eyes, and timing ends at
60 seconds or when S violates his
position, or opens his eyes, or falls
off the rail

(b) Maximum trial score equals 60 (sec-
onds)

(c) Maximum test score equals 180 (sec-
onds), the sum of the three best trials.

score equals five

Sharpened Romberg Test (SR) ¢

All Ss prior to undertaking the Test Bat-
tery undertook the SR test. Ss who failed
to stand for the required period of 60 sec-
onds on the first trial were administered a
second trial. Ss who failed to stand 60 sec-
onds on the second trial were administered
a third trial before proceeding with the Walk
H/T test. Ss who failed to stand 60 seconds
on the third trial were administered an addi-
tional (fourth) trial upon their completion
of their Stand E/C test.

6 Indicates standing in the Sharpened Romberg
position with eyes closed for a maximum of four

trials.
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SR performance was scored as follows: a
perfect score of 60 seconds on the first trial
was weighted 4, and a score of 240 (60 X 4)
was assigned; a perfect score on the second
trial was weighted 3, and 180 (60 X 3) plus
the number of seconds stood on the first trial
became the assigned test score; a perfect
score on the third trial was weighted 2, and
120 (60 X 2) plus the number of seconds
stood on the first two trials became the as-
signed test score; with Ss requiring a fourth
trial, the total number of seconds stood on
the four trials became the assigned test score.

In addition to undertaking the SR test, a
clinical-type ataxia test, on the occasion of
undertaking the Test Battery, our most re-
cently tested Ss undertook two additional
clinical-type tests; (1) Stand One Leg Eyes
Closed Test (soLEc), and (2) Walk Line
Eyes Closed Test (WALEC).

SOLEC

Ss undertook this test upon completion of
the Test Battery. The task as a “static” test
consists of standing on each leg (SOLEC-R
and SOLEC-L) with arms folded against chest
and with eyes closed for a period of 30 sec-
onds. Ss were not permitted to make this a
dynamic test by virtue of moving the stand-
ing foot in any way. Rather, it was required
that the standing foot remain stationary.
However, any amount of movement of the
opposite leg or of the body was permitted
so long as the body was maintained in an
erect or near erect position. Ss were per-
mitted to close their eyes at any time after
assuming a correct standing position. Ss
who violated the static foot requirement
were stopped immediately, and the number
of seconds stood prior to violation constituted
the trial score. Ss began the test on the leg
of their choice. Ss who required more than

one trial on each leg (for the perfect score
criterion of 30 seconds) were requested to
alternate legs on additional trials in the in-
terest of reducing fatigue. )
SOLEC performance was scored as follows:
a perfect score on the first trial was weighted
5, and a score of 150 (30 X 5) was assigned;
a perfect score on the second trial was
weighted 4, and a score of 120 (30 X 4) plus
the number of seconds stood on the first trial
was assigned; a perfect score on the third
trial was weighted 3, and a score of 90 (30
% 3) plus the number of seconds stood on
the two previous trials was assigned; a per-
fect score on the fourth trial was weighted
2, and a score of 60 (30 X 2) plus the num-
ber of seconds stood on the three previous
trials was assigned; with Ss requiring a fifth
trial, the total number of seconds stood on
the five trials became the assigned test score.

WALEC

Ss undertook this test upon completion of
the soLEC. The test consists of walking as
straight as possible a 12-foot-long line on
the floor at a typical (to the S) speed with
eyes closed, arms folded against chest, and
feet heel-to-toe. Ss alternated their starting
positions from trial to trial. Each scorable
trial required that S walk the entire length
of the line. The number of inches of devia-
tion from the line at the end of its 12-foot
length constituted a trial score, and the total
of the two best trials out of three (best
equaled least deviant from the line) consti-
tuted the test score. A major limitation of
the WALEC procedure is that in notably ataxic
individuals the qualitative performance is
often more deviant than the individual’s
score would indicate. Accordingly, the WALEC
would appear to be more of a test of spatial
orientation than of ataxia or of postural
equilibrium.
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DISCUSSION

CHAIRMAN: I'm interested in how soon the police, for
example, might use your battery instead of alcohol
determination as criteria for “drunkenness.”

FREGLY: It would be quite interesting to see if one
could do that.

MANN: Have you made any comparison between
this test and the Dallenbach test, a very simple one
of standing with your eyes closed first on your right
foot, then on your left foot, then on your right foot?

FREGLY: We did indeed look very seriously at Wor-
chel’s and Dallenbach’s studies with the deaf and
blind, and felt that our method was the preferred
method.

WHITE: We have incorporated this new equilibrium
test in a series of studies that we’re doing now on

sleep and centrifugation. We have twelve subjects
in this program. They did their baseline walks the
other night, and certainly this matter of footwear
is a point of concern. Have you given any thought
to the possibility of a clog shoe or something of that
sort that might be standardized with respect to this?

FREGLY: Yes, we did. We have several kinds on the
drawing board and this remains as a perplexing
problem for scientific research. We had in mind
here particularly a clear device to offer maximum
cutaneous cues in the learning process in the case of
blind individuals. But we had looked at this variable
of footwear very carefully, and with everything
considered the present scheme presents the least
variable factor.
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SUMMARY \Q n K

This report summarizes the results of several studies in which the effect upon
otolith activity of change in magnitude or direction of the gravitoinertial force was
determined in man by measuring the particular vestibulo-ocular reflex of counter-
rolling. In these studies hypergravic forces were generated by means of centrifugation
while periods of partial or complete weightlessness were produced by ballistic flights
in specially equipped aircraft. Since the available periods of reduced gravity were
relatively short, the rapid adjustment in counterrolling position in response to the
acting gravitational stimulus made this index of otolith activity particularly well-suited
for study. A photographic method developed for quantitatively studying counterrolling
movement in normal and labyrinthine-defective subjects provided the accuracy required
for measuring the extremely small response changes found under reduced G loading.
The average data of several normal subjects indicated that the relationship between
otolith activity and gravitational force expressed in logw units was linear, i.e. obeyed
Fechner’s law, from approximately 0.6 G up to at least 1.0 G and probably beyond.
Below 0.6 G the otolithic response began to deviate from linearity and asymptotically

approached its zero level at some infinitely small G value.
these findings to manned space flights was outlined.

INTRODUCTION

This report will summarize some investi-
gations carried out at the U.S. Naval School
of Aviation Medicine which have considered
the action of the otolith organs under the
influence of unusual foree environments with
particular emphasis upon weightlessness.
The initial stimulus for these researches
stemmed from the need to evaluate the role
of gravitoinertial force (GIF) in causing dis-
orientation in pilots (ref. 1) for it was
learned early that exposure to unusual force
environments greatly affected the pilot of
conventional aircraft through the sensory re-
ceptors in his vestibular organs. Now space
flight has provided an added impetus to such
studies by introducing the bizarre condition
of weightlessness and the possibility that

The possible application of (
AT

“\\,
-1 v

astronauts will be exposed to a rotating en-
vironment. Without the adequate stimulus
of gravitational force, the otolith apparatus
might be expected to convey unusual neural
messages to the central nervous system. For
this reason it was predicted by various writ-
ers (refs. 2 to 5) that the integration of the
resultant changes in gravireceptor input
might affect man’s behavior. Concern was
expressed that gross difficulties would
be encountered, but these, largely based
upon assumptions and hypotheses, would
appear exaggerated from the reports of the
participants in the Mercury (ref. 6),
Vostok and Voskhod flights (ref. 7). Care-
fully selected individuals have functioned
relatively well under agravic conditions with
only slight disturbances which can be specifi-
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cally related to .an influence of weightless-
ness upon the vestibular system. The prob-
lem must still be considered unsettled, how-
ever, until more prolonged flights can be
accomplished and experimental studies of
vestibular function are made throughout this
weightless exposure.

For the investigation of changes in basic
otolithic response to decreased G loading it
has not been necessary to await availability
of time and space in an orbiting capsule or
laboratory. Through the cooperation of the
U.S. Air Force, experiments were carried
out within special aircraft capable of flying
precise Keplerian trajectories. Although
relatively short, the time of these transient
periods of reduced gravity was found to be
entirely adequate for studying otolithic func-
tion as determined by measurements of a
particular vestibulo-ocular reflex known as
counterrolling.

COUNTERROLLING

Counterrolling may be defined as the in-
voluntary conjugate rolling movement of the
eyes around their lines of sight in the direc-
tion opposite to the lateral inclination of the
head with respect to gravity. “Inclination of
the otolith organs” could be substituted for
that of the “head” since it is implied in the
definition. The mechanics of stimulation is
revealed by the microscopic anatomy and the
topography of these organs.

Otolith Organs

Within two sac-like structures in the inner
ear are found tiny calcareous crystals (oto-
liths) which are supported by mucous or
gelatinous material. The otoliths being
higher in specific gravity are relatively dis-
placed in the surrounding matrix by changes
in direction and magnitude in gravity or
inertial forces relative to the macular plates.
Without entering into the controversial the-
ories of the exact mode of stimulation, it is
sufficient to say that the hair-like projec-
tions of sensory cells embedded within the
gelatinous layer are bent by slight relative
displacement of the otoliths resulting in a
transducer effect converting mechanical info

neural energy. The frequency pattern of
nerve impulses traveling over the eighth
nerve to the brain probably depends upon
the anatomical spatial arrangement of the
two pairs of otolith organs (utricles and
saccules) and their orientation with respect
to the acting GIF. Among the nerve path-
ways traveled by these impulses are those
to the extraocular muscles and as such
these otolith organs represent a source of
tonic innervation to these muscles. When the
GIF is altered in the subject’s lateral plane,
a change in tonicity normally results which
is reflected in a torsional shift of both eye-
balls around their lines of sight as the axis.
Measurement of the amount of counterroll-
ing associated with a change in lateral di-
rection or magnitude of GIF provides the
best known objective means of determining
correlative changes in otolithic activity in
man.

Measurement of Counterrolling

The distinct advantage of having an ex-
ternal indicator of otolith function in the
human in the form of the counterrolling re-
flex has been outweighed in the past by the
great difficulty in obtaining precise measure-
ments of this response (ref. 8). Throughout
the long colorful history of counterrolling
studies, several methods of measuration have
been used. All have as a common basis the
selection of anatomical landmarks on the eye
to establish a reference plane containing the
line of sight for specifying rolling of the
eye. Most of these methods were found to
be insufficiently sensitive or difficult to em-
ploy in certain experimental situations.

A method involving photography of nat-
ural landmarks on the iris was devised to
meet the requirement of greater precision
in measuration. A solution to the problem
of measuring very small amounts of move-
ment of these landmarks was found in sim-
ple magnification. In this procedure a 35 mm
film image of the entire eye is enlarged over
300 times the actual size by projection onto
a distant screen. Measurement of angular
torsional movement around the center of the
pupil is then accomplished by superimposing
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upon each test image in succession a second
projected image of the subject’s eye serving
as a standard of comparison. More com-
plete details of this measuring technique
have been published (ref. 8). It is sufficient
for this discussion to point out that a high
degree of accuracy and reliability in meas-
uration (=5 minutes of arc) is possible with
this procedure.

Normal Subjects

Counterrolling measurements using the
photographic technique have been made on
many normal individuals tilted up to +=75°
from the gravitational vertical (fig. 1). Nor-
mal subjects typically reveal qualitatively
similar counterrolling response to lateral
head inclination but quantitatively there are
certain interindividual differences (ref. 9).
There are also significant right-left differ-
ences in some individuals but not in others. A
more extensive study (ref. 8) in which meas-
urements were made at every 15 degrees
of body tilt within the subject’s frontal,
sagittal, and two intermediate planes revealed
that maximal compensatory torsional eye
movement occurred in the frontal plane, was
somewhat less in the intermediate planes,
and was not present in the sagittal plane.
This study revealed that counterrolling in-
creased fairly rapidly up to maximum at a
head inclination between 60 and 70 degrees.
From this point on counterrolling decreased,
but at a lesser rate than it increased, reach-
ing about zero when the head was positioned
vertically downward. A considerable amount
of wvariability among individual measure-
ments far greater than the measuring error
has been found in almost every subject tested,
indicating that a certain amount of physio-
logical unrest exists with respect to the an-
teroposterior axis of the eye. This variability
has been observed by several authors (refs.
10 to 12) using various measuring techniques
and requires that several measurements be
made for each GIF condition investigated.
This requirement was considerably more dif-
ficult to meet in the weightless state since
only a limited number of measurements
could be made for each parabolic flight.

Labyrinthine-Defective Subjects

The photographic technique of measura-
tion was found to be particularly useful in
accurately measuring smaller than normal
amounts of counterrolling that are mani-
fested by individuals with disease or other-
wise damaged vestibular organs (ref. 9).
Successful use of this particular technique
in these studies paved the way for accurately
determining the decreased level of activ-
ity of normal otolith organs under reduced
GIF, as will be described. Investigators
with less sensitive measuring devices had
the difficult task of differentiating between
a relatively large measuring error and a pos-
sible small residuum of otolith function in
their labyrinthine-defective subjects. For
the same reason studies of human otolith
function in subgravic states would have been
difficult if not impossible with most of these
former methods.

Information gained from precise measure-
ments of otolith organ activity is needed to
evaluate completely inner ear function. There
i1s evidence as described below (ref. 9) that
even complete loss of hearing and semicir-
cular canal function does not necessarily in-
dicate that otolithic function is similarly

" affected. Also it has been found (unpublished

data from “Effects of Partial Suppression
of Vestibular Function Ten Years After
Treatment of Meniére’s Disease With Strep-
tomycin Sulfate” by A. Graybiel, et al.) that
in subjects with Méniére’s Disease treated
with streptomycin sulfate, suppression of
semicircular canal function can occur with
little loss of otolith function. These results
indicate that all subjects used in studies in-
volving stimulation of the vestibular appara-
tus should be given specific quantitative tests
of these organs. A standardized counterroll-
ing test is now used routinely at the U.S.
Naval School of Aviation Medicine to com-
plement audiometric, threshold caloric irri-
gation (ref. 13) and other tests of the other
two auricular organs.

The use of counterrolling as a specific indi-
cator of otolith activity is based upon the
assumption that the level of function is re-
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Figure' 1—Mean counterrolling values plotted as a function of leftward and rightward tilt. Left: Normals;
right: L-D subjects.

vealed by the character of this response. We
examined this theory in an experiment in-
volving 10 deaf subjects with severe and
complete bilateral loss of the semicircular
canals (ref. 9). As can be seen in figure 1
these labyrinthine-defective (L-D) subjects
did not disclose the characteristic pattern
found in normal subjects in most instances.
The magnitude of the response was in all
cases less than in a comparable normal

group. In some instances, there was no defi-
nite evidence of counterrolling, in others it
was limited to one direction, and in still
others there was a small but regular depend-
ence of counterroll with the successive in-
crease in bodily tilt. The highly significant
differences between the normal and L-D
groups must have been due to loss of funec-
tion of the sensory organs of the inner ear.
More specifically, since there is no evidence
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that the counterrolling reflex is released by
the organ of Corti, and insufficient evidence
that it originates in the semicircular canals,
but good evidence that it is released by the
otoliths, it was concluded that the reduction
in counterrolling in these cases was the result
of injury to the otoliths. Interindividual
differences in the L-D group were therefore
best explained by the presence of some re-
sidual otolith function.

HYPERGRAVITATIONAL FORCE

Within the Earth’s gravitational environ-
ment counterrolling is useful in determining
the functional loss of the otolithic gravi-
receptor organs or their nerve pathways.
Once it has been established that an indi-
vidual has normal otolithic function, his
counterrolling response can be used to indi-
cate changes in otolithic response to varia-
tions in magnitude of GIF.

In hypergravic states counterrolling was
found (ref. 14) to increase directly with
the magnitude of force and its limit was not
- reached even with a lateral force of 2.25 G.
Data of this and other studies (ref. 15 and
unpublished data, E. F. Miller II and A.
Graybiel) demonstrate the important fact
that counterrolling is normally stimulus
bound. Counterrolling can therefore be used
as an indicator of otolith response to hyper-
gravic stimulation up to limits as yet unde-
termined. In the Woellner and Graybiel study
the effect of changing the magnitude of the
lateral G force was determined by tilting the
subject with respect to gravity. The mag-
nitude effect in the range from zero to 1 G
was thus estimated under terrestrial condi-
tions by varying the orientation of the oto-
lith organs with respect to the ever present
force of gravity. In order to study the effect
of a reduction in magnitude of G force, per
se, however, it is necessary to keep the direc-
tion of force constant. This requirement for
subgravity states can only be accomplished
aloft in parabolic or orbital flight.

HYPOGRAVITATIONAL FORCE
In several experiments involving special
aircraft (C131B) equipped to fly Keplerian

trajectories the normal gravitational pull
of the Earth was counteracted partially or
completely in specific amounts. In the initial
study (ref. 16) using a tilt chair device and
photographic equipment to record eye posi-
tion, the counterrolling response of six nor-
mal and six L-D subjects was measured at
five different tilt positions under zero G, one-
half G, and standard G conditions. Although
the subgravity periods obtained in this ex-
periment were necessarily relatively short
(5~6 seconds) the shifts in torsional eye posi-
tion in response to changes in gravitational
force occurred much more rapidly. The aver-
age results of the normal group of subjects
are portrayed in the figure 2. It can be seen
that otolith activity as indicated by counter-
rolling decreased in a regular fashion as the
force was reduced. In the weightless condi-
tion tilting the normal individual would
appear to have little, if any, effect upon the
activity of the otolith organs under the condi-
tions of the test These data, as far as we
know, provide the first quantitative evidence
that the otolith organs in man are physiologi-
cally deafferentated when he is exposed to
hypogravitational environments. The L-D
subjects manifested a greatly reduced pat-
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tern of response which resembled that of the
normals. This could be interpreted either as
actual change in the already greatly reduced
otolith function of the L-D subjects or as an
effect of stimulation of extra-labyrinthine
source(s) of tonic innervation to the extra-
ocular muscles. The former explanation
seems more reasonable based upon the care
exercised to eliminate cervical, fixational,
or binocular sources of cyclorotational eye
movement. Even if such factors were in-
volved, their importance is not great as evi-
denced by the small changes in counterrolling
measured in the I-D group; it would appear
therefore that when certain variables are
adequately controlled, otolith organ activity
as a function of subgravity forces is revealed
by ocular counterrolling.

It was interesting to note that under one-
half G conditions the normal subjects mani-
fested the characteristic counterrolling re-
sponse, but quantitatively this reflex
movement on the average was markedly
reduced and substantially less than the level
midway between zero and 1 G. These data
suggested that the otolith activity is not
linearly related to G force at least through-
out the complete range between zero and the
Earth’s standard level. A followup study
was made to determine more exactly the
nature of this function by exploring several
subgravity levels.

In carrying out this second experiment
(unpublished paper entitled “Otolith Activ-
ity as a Function of Gravitational Accelera-
tion from Zero to One G” by E. F. Miller I1,
R. 8. Kellogg, and A. Graybiel) the same
equipment and aireraft type (C131B) were
used. The parabolic maneuvers were de-
signed to yield subgravity periods which
were approximately twice as long as those
of the first study. Three young healthy pilots
served as subjects. Each was placed, in
random order by means of the tilt-chair de-
vice, at visual upright or tilted from this
position counterclockwise 25 or 50 degrees.
Two usually successive parabolas were flown
for each tilt position and for each subgravity
level which was induced in the following

order: 0.75, 0.50, 0.33, 0.20, 0.17, 0.10, 0.05,
0.00, and 1.00 G. Four recordings of eye posi-
tion were made during the latter portion of
the subgravity phase of each parabola flown.
This experimental design would have yielded
for each individual up to eight eye record-
ings at each of his three tilt positions under
nine gravitational conditions in the original
test session and the same number in the re-
test session on a separate day. As it hap-
pened, the numerous difficulties in flying
“perfect” trajectories made it impossible to
achieve always the exact and constant level
of subgravity force desired. This result was
unimportant to the experiment since the on-
board accelerometer recordings were used to
define G force to within +0.001 G. The con-
tinuous write-out of the linear accelerometer
system was marked each time the camera
fired in order to correlate the manifested
counterrolling precisely with the gravita-
tional force existing at that moment. The
small variations in the planned flight ma-
neuver had the effect of increasing the num-
ber of G levels investigated and reducing
considerably in some cases the number of
records at each level. For this reason the
counterrolling measurements were grouped
according to their correlative G value in
steps of 0.05 G as indicated in figure 8 which
summarizes the results; the test-retest data
of each subject were quite similar, and there-
fore only the average data of the two test
sessions are presented.

Since averaging counterrolling measure-
ments for data reduction purposes has the
effect of masking the variability inherent in
this response, it should be borne in mind
that the empirical points in figure 3 repre-
sent the mean positions of the eye about
which small apparently continuous rolling
adjustments occur. Although not specifically
investigated in this study, variability in eye
position including occasional spontaneous
rolling “jerk” movements of considerable
amount (1° or more) were not any more ap-
parent at the lower than at the normal end
of the G range tested.

Qualitatively, it can be seen that the sub-
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Figure 3.—Ocular counterrolling data of three sub-
jects positioned 0°, 25°, and 50° from visual up-
right as a function of G force.

jects revealed essentially the same results.
The substantial interindividual quantitative
differences in counterrolling as shown in the
figure 3 are well within normal range. At
upright, the usual position for determining
the basic (zero) mean eye position, the data
revealed a possible slight increase in coun-
terrolling (clockwise movement) of the eye
as the G loading was reduced. Under weight-
lessness and slight negative G force condi-
tions counterrolling in the 25 and 50 degree
positions, although approximately at the
same level, was slightly higher than in the
upright position. The reasons for this are
not known but may reflect a residual hyper-
tonicity of the extraocular muscles resulting
from the heightened eye rolling response to
the hypergravic force (214 G) that preceded
the weightless period. Artifact or not, the

effect is quite small and unimportant in con-
sidering relative changes. As the gravita-
tional force increased above zero there was
initially for the two constantly held posi-
tions of tilt only rather weak counterrolling
response which tended to increase at an ever
increasing rate to reach a maximum at 1 G.

An alternative method of plotting the data
was used to explore linearity and therefore
possible compliance with Fechner’s law as
expressed by the formula:

y = login G + b

where y represents counterrolling (otolith
activity), G, gravitational force, and D, a
constant. The counterrolling data were
averaged for all three subjects in each of
the two tilt positions and transformed into
an arbitrary scale system in which the unit
equals the average maximum counterrolling
exhibited in this study (50° tilt, 1.0 G). The
counterrolling data in relative units were
plotted as points (open circles, 25°; closed
circles, 50°) in relation to the logarithm of
the acting G force as shown in figure 4. The
respective data points for both the 25° and
50° tilt positions could be readily fitted with
two straight lines between 1.0 and 0.06 G
as shown in figure 4, but below this gravita-
tional level the lines of apparent fit had to
be continuously bent to reach finally the
basic, resting level of otolith activity in
weightlessness. The asymptotic character of
the resultant curves indicates without pre-
cise definition that the absolute threshold of
the otolith system is quite small. This would
be in general agreement with the estimates
of the high sensitivity reported for the
otolith receptors in man (ref. 17), 0.000344
G, cats (ref. 18, after data of Adrian) 0.017
G, and indicated for the lateral line organ of
fish by Granit’s (ref. 19) observation that
the gentlest tapping of the table or even
someone walking in his laboratory stimu-
lated his preparation. Although apparently
stimulated by only a very small fraction of
the normal gravitational pull, the curves of
figure 4 reveal that, as the G load is increased
above threshold, otolith activity is initially
raised only slightly; it should be noted that
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Figure 4.-—Relative otolith activity (mean counterrolling response of threc subjects, fig. 1) as a function of
the logarithm of the gravitational stimulus.

the range of greatly reduced activity in-
cludes that for lunar gravity. The change
in otolith activity increases steadily and in
ever increasing amounts as a direct function
of this load. Above approximately 0.6 G
otolith activity becomes proportional to the
logarithm of G force at least up to 1.0 G.
Beyond this value a continuation of this
linear function is suggested by certain other
counterrolling data which were collected
under hypergravic conditions. Colenbrander
(ref. 15), for example, using the subjective
location of the blind spot to specify torsional
eye position, found that the counterrolling
response was linear between 1.0 and 2.0 G;

specifically, he based his conclusion on the
fact that the difference in his counterrolling
measurements taken at 1.0 and 2.0 G was
twice that difference found between 1.0 and
1.5 G. Certain unpublished data by Miller and
Graybiel involving counterrolling measure-
ments for 50° tilt at 1.556 resultant G force
revealed that the average increase in coun-
terrolling as measured on seven normal sub-
jects seated upright on a constantly revolv-
ing centrifuge was greater than 1.3 times
the comparable 1.0 G value. As shown in
figure 4 a straight line (dotted) extension
of the 50° curve intercepts a relative value
at 1.556 G which is only slightly higher
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(1.45) than this ratio. Further extension
up to 2.0 G yields a ratio of about 1.7 which
is similar to that indicated in the data of
Woellner and Graybiel (ref. 14). It would
appear, therefore, that Fechner’s law is a
valid description of otolithic response to
gravitational stimulation from about 0.6 G
up to some hypergravic level. It is interest-
ing to note that the lateral line organ of fish
obeys this law: Neural activity (spike
frequency) was found to be proportional to
the logarithm of the mechanical stimulus
(rate of flow). Additional data are required
to determine at what level, possibly above
2.0 G, logarithmicity ends. If, as expected,
a gradual deviation from the Fechnerian
function occurs in the hypergravic range
as it did below 0.6 G, an S-shape curve would
be generated which would be similar to that
found to describe the full range of other bio-
logical transducers.

Haber and Gerathewochl (ref. 3) originally
suggested that the relation between sensa-
tion and gravitational stimulation might be
described by the Weber-Fechner law. An
important consequence of their hypothesis,
assuming strict adherence to this law, would
be that the gravity sense is particularly
sensitive in the proximity of G zero and
strong sensations would be caused by mi-
nute changes in acceleration at this G level.
These authors pointed out, however, that
such an analysis is based upon assumptions
and conclusions by analogy, and only experi-
ment will decide. Gerathewohl (ref. 20), in
a later study, suggested that this psycho-
physical relationship be represented by a
“modified” Weber-Fechner function which
yields an S-shape curve. If this be the case
they argued that only slight changes in sen-
sation would result from small inertial forces
under gravity-free conditions. This appears
likely on the basis of the evidence acquired
in the counterrolling studies already de-
scribed. Thus, small linear accelerations
which may be produced during an orbital or

space flight probably would not be significant
as stimuli to the otolith organs. This re-
sponse characteristic of the otolith organs
may be of an advantage in space flight.
On the other hand, if some damping effect
of inertial force acting on the otolith ap-
paratus is found to be required to defend
against adverse effects of prolonged weight-
lessness, it may be a disadvantage.

APPLICATION OF COUNTERROLLING DATA
TO MANNED SPACE FLIGHTS

From the studies presented summarily in
this report there are certain results concern-
ing otolith activity that may be directly ap-
plicable to future manned space flights: (1)
the otolith organs are physiologically de-
afferentated; i.e., otolith activity is reduced
to its resting level by weightlessness; (2)
the threshold of these organs is a very small
fraction of normal gravity; (3) relatively
little change in otolithic response to slight
increases in inertial stimulation would re-
sult in a weightless environment; (4) little
benefit could be expected from otolith activity
as stimulated by lunar gravity alone; (5)
the frequently proposed levels (0.2-0.3 G)
of artificial gravity for manned space vehicles
would provide very little additional otolithic
input. Counterrolling data such as presented
might be useful in estimating the approxi-
mate effect upon the otolithic gravireceptors
of any inertial force that may be generated
in a spacecraft.

It is essential to keep in mind that the
effect of prolonged weightlessness upon the
otolith organs is still unknown, and that the
above statements are based upon experi-
mental data obtained during transient ex-
posures to zero G. Whether these factors
hold true when the time factor is extended .
can only be answered through further experi-
ments designed to measure changes in oto-
lithic response of the astronaut throughout
his prolonged flight.
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DISCUSSION

STEELE: You might say you were comparing the in-
formation reported by the otolith organ with the
force vector, which has direction and length, and
checking the Weber-Fechner relationship by varying
the length of the vector. However, any major change
in the angle reported by it need not be expected to
follow logarithmically with the length of the vector.

MILLER: In these studies, we have attempted only
to keep the direction of the force vector constant,
which varied its magnitude, and this did yield, at
least throughout that part of the G range tested, a
Fechnerian function.

MAYNE: Dr, Miller, it seems to me I remember from
your paper that the counterrolling of the eyes was
proportional to the component of gravity perpen-
dicular to the longitudinal axis of the body. Your

present record indicates a logarithmic relation. Did
I misread your earlier paper?

MILLER: In my paper on counterrolling, the subject
was tilted in the lateral plane. As typically found
for normal subjects, his eyes counterrolled up to a
maximum with about 60 or 70 degrees bodily tilt;
with tilting beyond this amount counterrolling grad-
ually decreased, and finally the eye returned to its
oviginal position in its socket. Now by rather
arbitrarily choosing, as we did, a certain angle of
tilt with respect to the resultant force vector, and
keeping it constant, the effect upon otolith activity
of magnitude of the force, per se, can be studied.
For at least two angles of tilt, counterrolling was
found to be a logarithmic function of magnitude of
force between about 0.6 and 1.0 G and probably
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beyond. If several angles were investigated, the
entire counterrolling response curve could probably
be seen to rise and fall with respective increase or
decrease in the magnitude of the acting force.

MAYNE: If I recall properly the experimental results
given in one of your papers, the relation between the
component of gravity normal to the longitudinal axis
of the body is linearly related to counterrolling in
that counterrolling. was a sine function of the angle
of rotation of the body.

MILLER: This wasn’t our approach in this investiga-
tion or in my original paper. I believe Woellner and
Graybiel in one of their counterrolling studies con-
sidered the counterrolling response as a function of
the lateral component of force which varied as the
sine of the angle of tilt. Thus, in the presentation
of their data they indicated in effect the relationship
between counterrolling and magnitude of force from
zero to 2.2 G. However, these results obtained by
changing simultaneously the magnitude and direction
of force were quite different from those of the
present study in which magnitude was varied inde-
pendently of direction and therefore orientation of
the otolith receptors. The typical sinusoidal type
curve that you refer to is revealed when counter-
rolling is related to the angle of tilt with respect to
gravitational vertical.

GUALTIEROTTI: I have results that can compare very
directly with what Dr. Miller says; namely, I have
been recording the activity of a single otolith unit
during the same kind of flight. I would like to
discuss what actually happens to the single otolith
during this plane flight. A record was made of the
discharge of the single otolith unit on the tape
record, and accelerations were recorded. Before the
period of zero G and during this period the excita-
tion of this particular otolith unit is achieved by
increasing the positive acceleration in the A-X axis
only. We had a pilot who could do that and very
well. We can directly compare the effect of the
responsive single otolith unit at roughly 1 G in level
flight with the one in zero G by accelerating by the
same amount in the two conditions, that is, immedi-
ately after going into the parabolic flight and in
level flight. The response is nearly normal; namely,
the frequency of discharge increases according to
the increase of the acceleration in the A-X direction
only. There is no effect on this unit during changes of
the vertical acceleration. When we are in the zero G
state, at least three important phenomena take place:
First, the spontaneous rate of firing increases before
any aceeleration is applied; second, there is an initial
response which is much larger than the one that
should be expected at the 1 G gravitational level;

then a third unexpected phenomenon takes place, a
suppressory effect, during which there is no more
response even if you increase the stimulus remark-
ably. This suppressory phenomenon blocks the firing
rate at a constant low value, independently from
excitation. It disappears when the 1-G condition is
restored. On profiles in which the longitudinal ac-
celeration and the response of the unit in rate of
firing are plotted, there is a close following up of
the rate of firing according to the change in A-X
acceleration. At the beginning of the zero G condi-
tion, there is an increase of the rate of spontaneous
firing and a much higher response for the same
amount of linear acceleration along the A-X axis.
After this the suppressory phenomenon is observed
and this disappears when zero G condition is dis-
continued. In a direct comparison between the re-
sponse of the otolith unit before the suppressory
effect takes place in the 1-G condition and in the
zero G condition, the response of the unit under nor-
mal conditions is a logarithmic curve. During zero G
the initial response is much higher for the same
amount of acceleration. So, we have to take into
account the fact that we have a number of very
complex phenomena when we go from 1 G or passing
through 2.5 G to zero G. Now, how this series of
phenomena are divectly concerned with zero G and
which are concerned with the transit from high
acceleration to zero acceleration, we cannot tell, But
probably the fact that the spontaneous firing in-
creases, not immediately during the transient or
immediately after, but some seconds, 1 or 2 seconds,
after the zero-G state is achieved, seems to indicate
that the increase of spontaneous firing is a phenom-
enon directly connected with weightlessness.

VON GIERKE: Has there been any attempt made to
simulate on the centrifuge, under hypergravic condi-
tions the same G-time transition pattern which you
had in the hypogravic experiments of the zero G
flights? For example, did you have subjects at 3 G’s
for the same time period you were at 2 G during the
zero G flight and then bring them down to 1 G for a
short period equivalent to the zero G period to meas-
ure counterrolling and to see if there were any con-
sistent influences resulting from the transition period
of the G history?

MILLER: We have not done this, but we have made
some follow-up studies using the C-135 aircraft with
less G force preceding the subgravity exposure and
with much longer periods than in the studies re-
ported. These data have not been analyzed so 1
cannot comment about them. However, further in-
vestigation of the effect upon counterrolling of pre-
exposure to higher G should be done, and your
suggestion of using a centrifuge seems excellent.
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INTRODUCTION

More than 30 years ago I proposed an ex-
planation for habituation to rotation that
was part of a larger behavior theory (refs. 1
and 2). The proposal was that nystagmus
was lost when it was replaced by a compet-
ing eye movement system, a wandering type
of movement. This is often nonconjugate,
similar to that found in dreamless sleep. Its
appearance is facilitated by relaxation and
reverie, and prevented by alertness and
arousal.

The present paper is a progress report
on a further experimental examination of
this theory begun last year. I had not been
completely happy with the very general
terms in which I couched this application of
a theory of competition between behavior
systems to the specific problem of loss of
vestibular nystagmus during habituation.
In 1931, 1950, 1951, and 1964 I suggested,
briefly and, rather enigmatically, that the
competing system of wandering eye move-
ments made use of the neural mechanisms
which control the fast phase of nystagmus
(refs. 1, 4-6). I did this hoping that others
would pick up the suggestion, but no one
has. It would be an interesting lead to follow.
The neural mechanisms of the fast phase are
to a strong degree under cerebral cortical
control, and modifiable by learning. I see
the attractive possibility of a theory which
might encompass both habituation to rota-
tion and such phenomena as adaptation to
the rotating room. It may be that both make
use of the neural mechanisms of the fast

University of Rochester

phase in order to control the slow phase of
nystagmus and the ocular fixation mecha-
nism. So, for this Symposium, I decided to
lay aside my inhibitions and speak out with
some speculations,

METHODS

I need to say a few brief words about
methods and the relative advantages and
disadvantages of those we are using. We
use either electrical or photographic record-
ing of eye movements. For photography we
use the Dodge mirror recorder method. A
small wooden cube, pressed lightly against
the closed lid, is swiveled so as to remain
tangential to the cornea as the eye moves
from side to side. A mirror on the cube
focuses a line of light on a photokymograph.
The method yields accurate, highly magnified,
independent records of the movements of
each eye, largely free of artifacts. Its great-
est advantage over the electrical method is
its simultaneous and independent recording
from each of the two eyes. This seems essen-
tial to show some of the features of the
habituated response I will show you. The
defect of the method is that it is beyond the
mechanical aptitude of many.

The electrical record, which makes use of
the electrical polarity of the eye, has the
advantage of ease of application and economy
of time. Its disadvantages are that separate
and simultaneous records of each eye are
obtainable only from some subjects and vari-
ous extraneous potentials limit the identifica-
tion of rapidly alternating eye movements.

133
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Further, to the extent that the eyes move in
opposite directions, the movements cancel
one another on the record.

Both methods are applicable to monkeys
or humans; the photographic method is not
applicable to cats.

Our stimulation device is a horizontally
rotating platform with the subject seated at
the center of rotation. Horizontal oscillation
of the platform is the stimulus which is the
subject of the title of this paper. Recently
we have been using sinusoidal oscillation
through 20° of arc at a rate of 18 cycles/min.
Such a stimulus has two advantages. The
first is that it keeps the labyrinths under
continuous stimulation for any desired period
of time. Thereby, one can get a continuous
record of adaptation. The second is that the
alternation of direction of rotation makes it
possible to see whether the habituation proc-
ess results in a compensatory opposite reac-
tion. As you will see later, it does.

RESULTS

I said in introduction that this is a prog-
ress report because we are continuing to
gather data. I should also like to say that
my detailed interpretations of what is hap-
pening during habituation are tentative.
These interpretations are derived from quali-
tative aspects of the eye movement records.
My confidence in my interpretations will
presumably rise or fall as I see more and
more records which do or do not fit what I
now suspect to be the case. If the records
continue to confirm my suspicions, final proof
would need to wait on neurophysiological
approaches to the centers involved.

Let us first look at some normal, unhabitu-
ated records of ocular response to 20° of

Figure 1.—Human nystagmus during 20° horizontal

oscillution at 18 cycles/min. Ocular potential re-
cording; both eyes in circuit.

horizontal oscillation at a rate of 18 cycles/
min.

Figure 1 is an electrical record where both
eyes are in the circuit. The eyes are open;
the subject is in total darkness. The turn-
ing points of the oscillation are indicated by
the changes in position of the event marker.
Note that the slow phase of the ocular re-
sponse mirrors the sinusoidal nature of the
oscillation. Note also that there are relatively
few fast phases, about two per second.

Figure 2 is an electrical record taken sepa-
rately for each eye. Again, eyes open; total
darkness. This subject’s fast phases are
more frequent. Note also that at the right
side of figure 2 the compensatory eye move-
ment is lost. This is possibly the brief en-
trance of a period of the habituation re-
sponse.

Figure 3 shows old photographic records,
made many years ago but never published,
which shows both unhabituated and habitu-
ated segments of records. All are made with
closed eyes. The top example is from a
habituated record. At no point in this record
is there any reflex compensatory eye move-
ment. Instead, the eyes move mostly toward
the rotation. Note that the movements may
be different for the two eyes. It seems that
the competing process is over-compensating
so that the eyes mostly move ahead of the
rotation. Note also that for the first four
turns the eyes turn roughly synchronously
with the rotation. Thereafter, in turns 5 to
9, they are more or less out of phase with
the oscillation of the platform.

The third record in figure 3 is on a slower
time scale but the oscillation is nevertheless
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Figure 2.—Electrical record of human response to
oscillation. Right and left eye recorded separately.
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Figure 3.—Human and monkey nystagmus diuring
15° horizontal oscillation at 20 cycles/min. Photo-
graphic records made through closed lids; each eye
recorded. Movements up on record are leftward
movements of eyes, rightward movements of the
platform; down on record is converse. Top record:
Human; habituated; second record: Human; nys-
tagmus for first half, then habituated; third rec-
ord: Monkey; mystagmus for two cycles, then
habituated; bottom record: Monkey; nystagmus
for one cycle, then habituated.

at the same rate, three seconds per oscilla-
tion. This differs in that the subject was a
monkey. If you look closely you will see that
from the onset of oscillation until after the
fourth turn he had normal reflex compensa-
tory eye movements. Thereafter, the com-
peting tendency oscillated the eyes in move-
ments which mostly went toward the rota-
tion. The last record is also from a monkey;
it is an habituated record. It again shows
the eyes moving in the same direction as the
platform. This figure additionally illustrates
something fairly commonly encountered; the
eyes continue a horizontal oscillation after
the oscillation of the platform stops.

At a later point I will call attention to the
possible theoretical significance of the fea-
tures shown in these records.

Most of the figures still to be shown were
selected to repetitiously demonstrate the
qualitative features which led me to the
suspicion that it is the fast phase mechanism
which is being subverted to the production
of a competing behavior system, and thus
to the production of habituation.

Figure 4—Huwman nystagmus during 65° turn in
two seconds. Photokymographic recording through
closed lids. Records show three carly stages in
habituation process.

Figure 4 shows three stages of habituation
to a single turn of 65° (this record was made
in 1981). The 65° turn took two seconds.
Human subject; eyes closed. Note, in the top
record, made at an intermediate stage of
habituation, that while nystagmus is still
intact, the fast phases are frequent, about
7 per second, and regular in spacing, instead
of the unhabituated rate of 2 to 4 per second,
irregularly spaced. In the middle record,
at a more advanced stage, the fast phases
have increased to perhaps 10 per second,
with nystagmus still intact. In the bottom
record, nystagmus is no longer intact, but a
degenerate fast phase is easily visible in the
“habituated” portion of the record. Thus,
the records show increasingly more numer-
ous fast phases until the original form of
nystagmus is lost.

Figure 5 is a highly magnified portion of
a further stage of the habituation process,
also during a 65° turn. This portion of the
record covers a period of one second. Note
the small tremulous movements. The am-
plitude of these eye movements goes down
to perhaps 10 minutes of arc. They clearly
look like a very rapid alternation of slow
phase (in the direction required by the
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Figure 5.—Transitional stage of habituation. Rec-
ords of each eye through closed lids during 65°
turn. Time marker shows 1/10 second. Vertical
lines are separated by 1/120 second.

stimulation) and fast phases, with the maxi-
mum alternation rate being about 60 per sec-
ond. These movements are exactly syn-
chronous in the two eyes, but their amplitude
may differ. The overall result is a somewhat
irregular wandering movement of the eyes.

For some subjects the final stage of habitu-
ation may be a nontremulous wandering im-
provement such as that seen in figure 3
which showed habituated response to oscil-
lation in human and monkey subjects. There
remained no trace of an alternation of slow
and fast phases.
slightly tremulous record and a nontremu-
lous record for the 65° arc of rotation.

One aspect of figure 6 should be remarked

Figure 6.—Human cye movement records during 65°
turn. Top record is transitional stage of habitua-
tion. Bottom record is late stage of habituation.
Apparent convergence and divergence of eyes is
cardiac pulse artifact.

Figure 6 shows a very

0

on, since it is pertinent to theorizing. This
is that the wandering character of the eye
movement is present both before the onset
of oscillation or rotation and after its cessa-
tion, that is, it is present in the resting, non-
stimulated state. In other words, the “alert”
state of the eyes is replaced by wandering at
times other than rotation. Whatever the
competing process is, it also competes with
the alert state fixation mechanism, not alone
with vestibular nystagmus.

The next three figures of response to os-
cillation, 7, 8, and 9, all show the same
phenomenon: transition from nystagmus,
through increasingly frequent fast phases,
to a relatively smooth drift of the record in
the “wrong” direction, that is, toward the
direction of rotation. They are recent records
from human subjects. The eyes are closed;
recording is photographic.

Figure 7 shows, at the left, nystagmus with
increasingly greater rates of fast phase. At
the certain points in the tracing it is clear
that a rapid alternation of fast and slow
phase, ‘with the fast phases bigger than the
slow phases, causes the eye to move toward
the rotation. In a less magnified record this
might look like a smooth drift of the eyes.

[

Figure 7.—Tracing of photographic record of human
nystagmus through closed lids during 20° hori-
zontal oscillation at rate 18 cycles/min. Records
made in 1964. The tracings (which are never
exactly correct because of hand tremor and other

- distortions) were necessary because of unevenness
of exposures. This is a transition stage between
very rapid nystagmus and a habituated (non-nys-
tagmoid) section. Because of lack of temporal res-
olution record cammot show the detail of figures
4, 5, and 6.
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Figure 8.—Tracing of photographic record of humax
nystagmus through closed lids during 20° hori-
zontal oscillation at rate of 18 cycles/min. Shifts
between nystagmus and tremulous drifting move-
ments.

phases and, at “A” and thereafter, shows
either an apparently smooth drift toward the
rotation or a very rapid alternation of slow
and fast phases. Figure 9 shows more of
the same, with some back and forth shifts
between nystagmus and habituated eye
movement tracings.

The final record, in figure 10, is included
to show how large the “wrong way”’ response
can be. This is considerably larger in the
wrong direction than would be a reflex nys-
tagmus in the right direction. By exercise
of only a little imagination, one can convince
oneself that here, too, fast and slow phases
alternate. The frequent darkening and
broadening of the line of the record may
well be due to a momentary intrusion of a
bit of slow phase. A very fast record with
a high degree of photographic resolution
would be required to decide this. We plan
to take a few such records.

As a final comment about the records
shown to accompany this paper, 1 would like
to remark that these were not carefully

Figure 9.—Tracing of photographic record of human
nystagmus through closed lids during 20° hori-
zontal oscillation at rate of 18 cycles/min. Some
nystagmus for short periods in cycles 1, 4, and 5,
otherwise tremulous drifting movements.

record of
human nystagmus through closed lids during 20°
horizontal oscillation at rate of 18 cycles/min.
Extraordinarily large drifts of eyes toward rotu-
tion.

Figure 10.—Tracing of photographic

selected records or hard to find. Innumerable
instances could easily have been used.

DISCUSSION

I now wish to move on to a consideration
of what these data appear to mean and of
what needs to be done to further clarify in-
terpretations. I am aware that my scientific
colleagues do not look with great favor on
making inferences about neurology from be-
havior data (although the converse, infer-
ences about behavior from neurological data,
seems quite respectable). Nevertheless, I
am going to do so, because it has worked out
fairly well for me in the past. I am deliber-
ately refraining from use of any neurological
literature because it seems to me that such
use should be the next step in the thinking
process. This is a case where too little sure
knowledge of neurology can be worse than
doing without any knowledge.

Initially, I will make some neurological
assumptions. First, is that the control cen-
ters for coordinated fixation of the two eyes
and for coordinated slow phase movements
of the two eyes are the same centers. Next,
1 will assume that the center producing the
fast phase controls the output of the slow
phase centers and is connected with them
by reciprocal inhibitory feedback circuits
controlling outputs of each. Third, I will
assume that both the fixation—slow phase
centers and the fast phase centers are under
the control of other outside centers. For
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example, the fixation—slow phase centers
are under the control both of centers receiv-
ing vestibular input (for the slow phase of
vestibular nystagmus) and of centers re-
ceiving visual input (for the slow phase of
optokinetic nystagmus). The fast phase
centers are obviously under control of other
centers, probably both cortical and non-
cortical, receiving visual and auditory input,
in addition to numerous other inputs.

After these assumptions, let us go back to
my data. I will number the facts to be ex-
plained and suggest a speculative neural
mechanism.

Fact 1.—During habituation the fast
phases increase in frequency, reaching rates
of alternation with the slow phase as high as
60 per second. The onset and cessation of
each fast phase is exactly synchronous in the
two eyes, even though amplitude may differ
somewhat. Eventually this becomes a smooth
wandering movement.

From these facts I speculate that some
center (or centers) outside the fast phase
centers is triggering the onset of the fast
phases. The rate of the triggering impulses
increases until at some point they become
essentially asynchronous so that fast phases
are no longer detectable, only an apparently
smooth wandering movement.

Fact 2.—As a subject is repeatedly exposed
to the same pattern of oscillation or turning,
and as the reflex nystagmoid response is
lost, a frequent response is an ocular oscilla-
tion or deviation which is opposite to the re-
flex, that is, toward the direction of rotation.

From these facts of general synchrony of
response and of over-compensation, I specu-
late that the process is one of learning. The
learning may be either or both cortical and
noncortical. (Another reason to speculate
that it is a learned process will be mentioned
in a moment.)

Fact 3.—The wandering eye movement,
while normally in phase with the oscillation,
may at other times be out of phase.

My crystal ball becomes slightly clouded
for seeing the implications of this fact. I
suggest, however, that an asynchroncus in-

put to the fast phase centers, from the cen-
ters originating the compensating or com-
peting system, is not strongly stimulus-
bound and varies in amount.

Fact 4.—At the cessation of oscillation of
the platform, oscillation of the eyes may con-
tinue for a few seconds.

This again causes me to speculate that a
learned process, cortical or noncortical or
both, is responsible for the competing proc-
ess, and further, that it is not firmly stimulus-
bound. It does not seem possible that the
process is controlled strongly by the vestibu-
lar input.

Fact 5—During periods when no vestibu-
lar or visual stimuli are present, in the non-
alert, nonaroused, relaxed subject, the eyes
no longer show a fixed position or conjugate
fast phases, but wander irregularly.

From this fact I speculate that of, on the
one hand, the reciprocal centers controlling
vigilance and alertness, and, on the other
hand, those controlling revery, relaxation
and sleep, the latter become dominant. I
also speculate that they act on the fast phase
centers and that these in turn act on the
fixation—slow phase centers.

This is the end of my speculations. Now
I should like to list some things I would like
to do (or see someone else do) to clarify the
picture.

(a) Most of my experience (but not all)
has been with rotation of subjects whose
eyes were closed. Closed eyes and sleep are
in association as a behavior system. Habitua-
tion with closed eyes may be an early transi-
tion phase into sleep. Habituation with open
eyes is slower, and may be different. This
could limit the generality of application of
my speculation.

To investigate this I intend to take photo-
graphic records of one closed eye while the
other is open. While I have some such, I
want to see more to assure myself that the
phenomena are the same as with closed eyes.

(b) Our photographic records do not have
sufficient resolution. This can be obtained
from a very sharp focus of the recording line,
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a farge magnification, and a very fast record.
I hope that we can achieve these.

(c) I want to investigate the kind of com-
pensation for rotation that takes place in an
active person, such as the subjects in the
Pensacola rotating room. I will use subjects
already thoroughly accustomed to an active
compensatory process. My approach will be
to take records from highly experienced bal-
let dancers and figure skaters. Fortunately
we have a good supply of each in Rochester.

(d) A thorough search of the neuroana-
tomical and neurophysiological literature for
possible locales for my speculative ‘“‘centers”
must be made. This can guide experiments

with electrophysiological records from
chronically implanted electrodes (using
monkeys), and with stimulation after lesions.
These must be correlated with simultaneous
eye movement records.

(e) Finally, we intend, with human sub-
jects, to make quantitative measures of the
amount of habituation or, conversely, the
ability to maintain alertness or vigilance
during rotation, and search for personal at-
tributes which correlate with susceptibility
to habituation. We will have approximately
75 twenty-one year old college students on
whom very extensive personal data will be
available.
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DISCUSSION

CRAMPTON: Your records were taken during con-
tinuous oscillation, and I am interested if some kind
of anticipatory if not voluntary activity by the sub-
ject is involved. What would happen if he were in
darkness, unaware of the direction and time of
onset of the displacement, and he receives only one-
half of a cycle?

WENDT: These early records were made in the days
whan I wads interested in what the nature of the
conditioned reflex was. There are no conditioned
slow phase movements, but there are conditioned
fast phases. The only anticipatory responses we
got were fast phases, never a slow phase. I investi-
gated this with a large number of different situa-
tions.

MAYNE: Dr. Wendt, it seems to me that there are
two modes of response in the eye motion you re-
corded. The first seems to correspond to fixation.
In this mode your record indicates that the displace-
ment of the eyes is exactly 180° out of phase with
head motion corresponding to a compensatory mo-
tion; this would allow a person to fixate a particular
object while the head is moving. In the other mode
the phase shifts to about 90°, so that the eye motion
is roughly in phase with velocity and corresponds to
modes such as recorded by Dr. Niven. At the same

time saccadic nystagmus appears. There seemed to
be also an indecision as to which mode the organism
must choose to operate so that the response may be
a mix of the two modes. Does that correspond to
your thought?

WENDT: No, that isn’t the way the records actually
look. While they are usually roughly in phase with
the oscillation, when they get out of phase, the out
of phaseness wanders from cycle to cycle, going
ahead and dropping behind. T think the out of
phaseness has no significance except to demonstrate
that the compensatory response is not strictly
stimulus bound, but affected by some other factors
from the central nervous system.

The chief weakness in my speculations is that my
experience has been mostly with closed eyes. When
the eyes are closed, you have a response which is a
part of the behavior system of sleep and we may here
be dealing with a situation in which alertness is
competing with an early stage of sleep. Obviously,
in order to prove this, I’'ll need to see more records
with the eyes open. It can be done only with a photo-
graphic method; the electrical method isn’t going to
reveal these features. The electrical method would
obscure the tiny alternations of the eye movements
since muscle potentials and other potentials would be
confused with the tiny fast phases.
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Forty unilateral caloric irrigations wer