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MATTERS OF SIMULATION OF THE SEMICIRCULAR CANAL SYSTEM

V. 8. Gurfinkel' and 5. V. Petukhov
Institute of Information Transmission Problems of the Academy
of Sciences of the USSR, Moscow

It is common knowledge that a complex of sensor signals 148%
of different modalities takes part in the formation of "the
concept of a human "body schematic", its position in space,
and mechanlsms of posture coordination and posture components
of random movements [1]. An important role in this set belongs
to information on the effect on the body of inertial and gravi-
tational forces coming from the vestibular apparatus [3].

In the lagt two decades, in connection with the growing
interest in the vestibular function, much new data has been
obtained on the structural and functional characteristics of
the vestibular apparatus. The activity of the mneurons of the
vestibular nucleus, reticular formation, red nucleus, cere-
bellum, and other neuron structures in response to artificial
and natural stimulation of the vestibular apparatus was
studied (see review [37]).

Information on the regulation of sensitivity of the
vestibular receptors is of substantial significénce for an
understanding of the vestibular function. Thus, it was shown
in study [36], using light and electron microscopy, that the
vestibular apparatus receives efferent innervation. Efferent
impulses evoke depolarization of the receptor cells of the
vestibular analyzer [32] and depress the frequency of impul-
sation of the primary sensor neuron [21,24,257].

#Numbers in the margin indicate pagination in the foreign text.
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The presence of efferent innervation is evidently
esgential for coordination of afferent flows of different
modalities, for discrimination of active and passive effects
on the vestibular apparatus, and also for ensuring constancy
of the body schematic—an important factor in spatial orien-
tation. In addition, efferent control of the activity of the
vegtibular receptors complicates analysis of the processes
which take place on the level of the recepftor section of the
vestibular apparatus, in connection with which the necessity
occurs of resorting to the method of simulating the primary
processes in the vestibular apparatus.

The following essay 1s devoted to a description of a
model of the semicircular canal system, through the use of
which an attempt was made to answer the following questions.
First of all comes the guestion of the presence of hydro-
mechanical interaction between the semicircular canals,
connected in considerable segments by common cavities—the
utriculus and common limb of the vertical canals. Such
interaction was observed with rough mechanical influences on
the membrancus labyrinth under conditions of fenestration of
the osseous labyrinth [351. Very strong intercanal inter-
action was demonstrated in study [13] on a model which repro-
duces the shape of the semicircular canal system on an en-
larged scale. Unfortunately, as shown by analysis [61, these
data can not be considered conclusive, insofar as the model
was constructed without consideration for the requirements of
the theory of dynamic similitude. The possibility of
appreciable hydromechanical interaction is also affirmed in
article [47], devoted especially to the question of hydro-
mechanical intercanal interaction, based on tests with local
caloric stimulation of individual formations of the labyrinth
of a frog. However, it 1s necessary to note that the utili-
zation of the results of electrophysiological investigations
of the ampullar nerves for the purpose of detecting hydro-
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mechanical intercanal interaction is made difficult because
of the possibility of the presence of direct neural connec-
tions between the cupular receptors of different canals [17].

We also investigated the question of conditions for
movement of the endolymph in opposite directions of by-pass
of each canal. These conditions are not identical because
of the structural features of the canals. This problem was
first examined in study [18]. There are contradictory asser-
tiong in this regard in the literature; whereas the ampullo-
petal movement of the endolymph is considered wegker than
the ampullofugal in [10,117], the ampullopetal mbvement is be-
lieved to be stronger than the ampullofugal in [137], on the
other hand. Both this and the other assertion rely either on
speculative reasoning or on very simplified model investi-

gations, and do not finally solve the problem being examined.

Finally, we were interested in the possibility of spon-
taneous change in the direction of the endolymph flow in the

canals a short time after the effect of a cupulometric "stop-
stimulus” [13].

The simulation method was used by many authors for
gstudying the functioning of the semicircular canal system
as the very first steps in investigating the vestibular
apparatus., The necessity of simulation is brought about by
the great complexity of investigations of a natural semi-
cilrcular canal system, which 1s small in size, included in
the hard-to-reach petrosal portion of the temporal bone; its
membrane is opaque and easily deformed during exposure of
the labyrinth in the cranium. Another complicating factor for
the experimenter 1s the fact that the processes which occur in
the membrane of the revolving labyrinth should be subjected to
study. The well-known possibility of judging the deflection
of the cupulae according to the change in freguency of impul-

>

ORIGINAL PAGE IS
OF POOR QUALITY



sation in the ampullar nerve is limited, as has already been
noted, by the presence of an efferent nervous system in the
vestibular analyzer, capable of changing this frequency with-
out any deflection of the cupulae.

The models of functioning of the semicircular canals de-
seribed in the literature can be eonditionally subdivided
into analytic and demonstration. The authors of the analytic
models ([2,8,33,38] and others) attempted to describe the
dynamicg of the intracanal procesges in the language of mathe-
matical equations, based on individual experimental data and
speculative hypotheses. These models are of great use for
formulating and clarifying many questions, but they are dis-
tinguished by considerable randomness of the initial hypo-
theses or conscious simplicity of the description. At present,
the analytic model of a semicircular canal proposed by Stein-
hausen [33] is the most useful. It is based on a simplified
idea of the semicircular canal as an isolated tore, having a
resilient septum and filled with endolymph.

The demonstration models ([10,12-14,20,29,30] and others)
usually reproduced in glass, more or less completely, the form
of the semicircular canal system, and were filled with a fluid
which was similar to endolymph in its properties. With ro-
tation of these models, a flow of fluid was observed directly
in the canals, which approximately reproduced the intracanal
processes of the natural system. TUsing such models, answers
were obtained to important questions on the laminar nature of
the flows in the semicircular canals, on the independence of
the endolymph flow from the radius of rotation, on the time of
post-rotation flow of endolymph, and others. But, the possi-
bilities of the demonstration models in the past were seriously
limited by the fellowing circumstances. The models, having the
dimensiong of the natural system, facilitated the investigation
little, since it ig difficult o establish model cupulae in a
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miniature membrane (diameter of the system is equal to 8 mm),
and one can observe the flow of fluid in the canals only under
a microgcope. An increase in the dimensions of the membrane
without a corresponding change in the remaining parameters of
the system lead to the circumstance that the dynamics of the
natural processes would no longer be reproduced in the model.
In addition, the previously-used visual methcod of observing
what goes on in the membrane made it possible to study only
the stage of fluld movement after cessation of rotation of the
model.

It is shown in the present study that the indicated
difficulties are surmountable. Described below is a scale
model of the semicircular canal system in man, which repro-
duces the dynamics of the natural processes under physical
experimental conditions which are convenient for their study.
In developing this model, it was necessary to take into account
some requirements of the theory of dynamic similitude, to
the presentation of which we will now pass.

If one thinks, as is generally accepted, that the mem-~
brane of the membranous labyrinth is smooth from within and
sufficiently solild so as not to be deformed with normal rotat-
ions of the head, then the dynamicg of the processes in the
membrane of the semicircular canal system are determined by
six physical parameters: dimensions of the membrane, which are
given, with a fixed form, by any characteristic linear dimen-
sion A of the membrane; the time T of the flow of non-stationary
processes in the system; the viscosity 7; the density p of the
intracanal medium and the resilience of the cupulae 3 the
angular acceleration ¢ of the membrane of the system.

We will pose the gquestion: can one change the values of
individual parameters in an arbitrary manner while still main-
taining the dynamicg of the natural processes in the semicircu-



lar canal system unchanged? The answer, which will be obtained
below using the methods of the dynamic similitude theory (see
91, for example), consists of the following: one can change
three of the six indicated parameters in an arbitrary manner
and maintain the dynamics of the natural processes in an en-
larged membrane which is geometrically similar to the membrane
of the semicircular canal system, because of the appropriate
selection of the magnitudes of the three remaining parameters.
For example, the values of.ﬂ,—n, and p can be subjected to
change and this does not have an effect on the dynamics of

the processes with the appropriate selection of the scales of
oAs (Jy and T

Thus, it is'possible, in place of the study of the pro-
cesses in a natural membrane of small dimensions, filled with
physiological fluid, to study those same processes in a mem-
brane with arbitrarily larger dimensions and intracanal fluid
selected through congideration of experimental convenlence.

We will prove the assertion that has been made. If one
designates the dimensions: length—IL, mass—WM, time——f, then
the dimensions of density, viscosity, resilience, and angular
acceleration, respectively, have the forms [f]=M/is; [y =M/1T;
[ef J=M/T%; [0J=1/T (the angle is considered a dimensionless
magnitude). Like any other characteristics of the occurrence
of processes in the semicircular canal system, the angular
deflection &, which we are especlally interested in, can be
written as a function of six definite parameters:

0=8(. & 1.0, d 0) . (1)

O0f these six parameters, a total of three are independent
according to dimensions, 1.e. thelr dimensions can not be repre-
sented as a power monomial from the formulas of dimensionality:
for other parameters. We will choose £, , and 77 as indepen- /151
dent (one can also take the other three parameters, but, with
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the given selection, the final result has a more visible
form). The dimensions of the remaining values can be ex-
pressed through the dimensions of £, ¥, and'?:

12 DR ¢ | 8 /DR
IP]=.I—1]][TI-5L1: fa] = ] 14 ) [“’]= IE" (2)

If the units of measurement of the values df.f, 1, and
Y are changed by ﬁ&, /%J and,ﬁv times, respectively, i.e. if
we change to_ﬂ'=/&1,‘f“¢%f} and ?'aﬁ%?, then the values of
p» %, and & are also transformed in the new system of units

of measurement:

BB W6
PERE f=R 0 Y= Relationship (1) expresses some
physical regularity, and, therefore, does not depend on the

system of units of measurement. In the new system of units

’ . B B oY
3:9([‘}’1, ptt' gq’]n %F: _‘gf_fﬂi '@)a (3)

The scales of& ’ /g,?, and Jﬁf’ are arbitrary. We will use the
gselection of these scales in order to reduce the number of
arguments in the function of &. We will set,ﬁ&=1ﬂt;‘ﬁ%=1/%;
fn=1/y » i.e. we will select the system of measurement so that
the values of the first three arguments would be equal to one.
Then

B L ouie e - l2p ™ . U
9_=9(1,‘ :I., i'.'l]_t, 'ﬁ: (f’tz)o . . {4)

It is not difficult to see that the arguments
are dimensionless. Thus, from relationship (1) with six
dimensional arguments, we arrive at the eguivalent relationship
(4) with three dimensionless arguments. These three dimension-
less ratios

P lzp‘ t 1 .
LA . . 5
l'q“‘j' 'l]l’ Wtz ( )

are the similitude criteria of the processes in the semicilrcular



canal system in man and all vertebrate animals. It is evident
from (4) that the maintenance of the value of the similitude
criteria guarantees reproduction of the dynamics of the natural
processes in the membrane which is geometrically similar %o

the membrane of the initial system with the same accuracy with which

the processes in the system are determined by the six physical
values considered. Oné can change the values of tThe three
dimensioﬁ}éssxgrametéﬁs(fd‘ﬂ, and p, for example) while main-
taining the dynamics of the natural processes, becausgse of the
compensating change in the remaining parameters. This possi-
bility was also utilized by the authors to construct a
physical scale model of the human semicircular canal systemn,
The given proof is a supplement to the Jl-theorem of.
the theory of dynamic similitude [97) for the case of pféceéses
in semicircular canals. 7 7 7

We will move to the description of the constructed scale
model of the human semicircular canal system (fig. 1). The
data on the dimensions of the membrane of this system are
basically taken from [167], and also from studies [15,23]. The
constructed model? reproduces in glass the form of the right
half of the human semicircular canal system, with linear
dimensions enlarged, through consideration of experimental con-
venience, 49 times, as compared with the natural dimensions [5].
Glycerin was selected to fill the glass membrane, which brings
about a change in density and viscosity of the infracanal med-
ium from p=1.0 g/cn’ and57=0.85-iopi g/cmrsec at 35° ¢ in the
natural labyrinth [36] to their model values p=1.26 g/cm’, V=
ik.9 g/bm-see, at an experiment temperature of 20° ¢. Having
designated f, I and 7 with model values from the requirement
of maintaining the values of the similitude criteria (5), we
obtain the relationships between the model (m) and natural (n)
values of the resilience &« of the cupulae, the angular accele-
ration &, and the time T of occurrence of the processes:

iCopyright No. 390555
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2 4.0+ 10%y; G o By L2 1,758, (6)

Thus, in order to reproduce the dynamics of the natural
processes, the model should be rotated with a threefold lesser
acceleration than that whose effect on the vestibular appa-
ratus interests us, and the processes in it will be extended
1.75 times in time.

Fig. 1. Schematic of Scale Model of Human Semi-
Circular Canal System.

1l—semicirecular canals; 2—ampullae; 3—utriculus; 4,5—neck
with stopper for f£illing the model with glycerin. The rest of
the designations and the description of the model are in the text.

Insofar as the structure of The cupula can be considered
unchanged with deflection of the cupular cover, and the defor-
mation of the front of the moving fluid by the cupula can bhe
considered insignificant, 1t is assumed, with simulation, that:
each cupula is consgidered a solid movable plug, suspended in
the surrounding fluid and spanning the entire cross-section
of the canal; the effect of the cupula on the magnitude of

the longitudinal displacement of the intracanal medium is de-
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termined entirely because of the resgilient forces which strive
to return the deflected cupula to a position of rest. This
concurs with the observations in study [13].

To the extent that the formulated hypothesis is correct,
it is not important where the model is mounted—in the ampulla
or in the semicircular canal itself, as long as the effect of
resilient forces of the required magnitude on the processes
in the system is maintained. (The location of the natural
cupulae in the ampullae is probably explained by the fact
that the range of linear functioning of the cupular recep-
tors isg limited and, in order to prevent going beyond “the
boundaries of this range, the cupulae are mounted in broad-
ened ampullae, where the displacement of the medium is less
than the displacement of the medium in the canal itself). It
ig natural +that the resilience coefficient of the cupula, with
its location in the canal, should be decreased by as many
times as the area of the cross-section of the canal 1s less
than than the area of the cross-section of the ampulla. The
displacement of the medium in the canal is precisely this
number of times greater than in the ampulla, and, thus, the
required magnitude of the resgilient forces, equal to the pro- /153
duct of the resilience coefficient and the displacement of
the cupula, will be maintained.

A1l of this was considered during the installation of the
cupulae, with consideration for technological simplicity, inside
of the canals which were homogenous in cross-section in small
rectilinear sections, rather than in the ampullae. The model
cupula (fig. 1) is a membrane, suspended in the surrounding
fiuid and well-fitted to the size of the canal, of two disks
(6), and the average density of the membrane is equal to the
density of the glycerin, which protects it directly from two
undesirable effects—displacement of the model cupula under
. the influence of inherent weight, and the occurrence of dry
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friction with movement of the cupula because of its pressure
on the walls of the canal.

Stabilizing resilient forceé are imparted %o the cupula
because of its extension on thin resilient fibers 8, the ends
of which are fastened to acicular portals 9. These portals
make it possible to control the magnitude of the resilient
forces of the cupula by means of winding of the fibers 8 on
them. The portals 9 are located in hellow glass processes
10, The inclusion of processes 10 filled with immobile
fluid in the model inno way affects the dynamics of the fluid
flows in the system, but makes it possible to take a resilient
fiber 8 of increased initial length for broadening the range
of control of the resilient forces of the cupula and, in
addition, to locate the portals 9 in them, rather than in
the canals themselves, where the portals could hinder the
fluid flow.,

It is common knowledge from the literature that the
return of the deflected cupula %o a position of equilibrium,
under the effect of only inherent resilient forces, is
=o' 22,287, In
the constructed model, the resilience of +the cupulae was
gelected so that the time of return of the deflected model

cupulae to a position of equilibrium was egual +to the time
-0 T
’

approximately described by the exponent e

of the natural system, determined by the exponent e
multiplied by the coefficient of similitude 1.7 (see relation-
-ship (6) ).

The system for recording the displacements ‘of the model
system (i.e. the parameter which determines the signals enter-
ing the input of the nervous system from the vestibular appa-
ratus) utilizes a light source 11 and a photoresistor 12, fas-
tened under the cupula on the outside of the canal opposite
each other. The amount of light falling on the photoresistor
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from the light source 11 is determined by the position of the
light-distributing screen 7 in the canal, which is fastened %o
the disks of the cupula. In order to prevent undesirable
turns around their central axes, which can introduce disut
tortions with the given schematic of registration of the de-
sired longitudinal movements of the cupulae, the disks are

mounted on a guide rail 13.

In order to conduct experiments, the model is placed
on a rotating unit, capable of providing the required rotational
conditions. With the effevt of rotations, the characteristics
of which correspond to physiological rotations, the movements
of each of the cupulae occur within the limits of <the straight-
ened section of the canal (1/20 part of the circumference of
the canal). The light-distributing screen 7, which shifts
with each cupula, changes the amount of light striking +the
photoresistor 12 proportional to the shift of the cupula. The
desired movements of the cupulae of the semicircular canal
system are registered on the tape of an oscillograph, for
example, according to the magnitude of the resistance of the
photoresistor.

Through adjustment of the model, a special check was
conducted of the correspondence of some functional features
of the model to the features of the natural semicircular
canal system. .First, we checked to see whether each model
cupula covered the cross-section of its canal sufficiently
completely. India ink injected into the model canal on one
side of the cupula practically did not penetrate to the other
side of the cupula with shifts of the intracanal medium,
which is correct for natural semicircular canals as well [33].
Second, 1t was established that changes in the position of
the model relative to the vector of gravitation do not éhange
the pesition of the cupulae in the canals, i.e. the model
cupulae are insensitive to the effect of the force of gravity,
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just like the cupulae of the natural labyrinth are insensitive /154
to it (see review [77]). Of course, it would have been ex-
tremely desirable to compare the characteristics of the shifts
of the model cupulae in some casesg of accelerated rotation
with the corresponding characteristics of the natural cupulae.
Specifically, a similar comparison could have shown how com-
pletely the dynamics of the processes in the system are deter-
mined by the physical parameters taken into account during

the derivation of the criteria of similitude of the processes
in the semicircular canals. This is hindered by the absence
of quantitative data in the literature, obtained in studies
directly in the natural labyrinth.

We will switch to the description of experiments on +the
gscale model of the human semicircular canal system. All of
the experiments cited below on rotation of this model were
carried out on the VU-4—a specialized rotation unit designed
for vestibular testing of people and animals.

The placement of the model of the semicircular canals
on the VYU-£ required the manufacture of 'a special platform,
which reliably fixed the model in various. positions relative
t0 the axis of rotation, which made it possible to select the
required plane of rotation of the model.

In order to answer the question of hydrodynamic inter-
canal interaction, the model was brought from a state of rest
into rotation in the most characteristic planes, with different
values of constant angular acceleration from 3 o 1100/sed£.
In connection with the fact that the values of the angular
accelerations shouldtriple (see relationship (6) ) with inter-
pretation of the data of the model experiment with regard for
the natural human semicircular canal system, the utilization
of these accelerations corresponds to the rotation of humans

with accelerations from 9 to 330°/sec?, which covers the range

13



of angular accelerations used during.normal vestibular studies.
The degree of stimulation of each cahal wag judged according
to the relative magnitude of the shifts of the model cupulae.
Recording of the movements of the model cupulae was carried
out on the N-135 oscillograph, the paper roller of which was
switched on from the control panel of the VU-4 right before
the begimming of  rotation of the model. Also recorded, in
addition to movements of the cupulae, was the signal from

the VU-4 remote panel, which controlsg the rotation of the
unit. An example of the oscillograph recording is given in
figure 2. The results of rotation of the model in some planes
are given in figures 3-5. With rotation of the semicircular
canal system in a direction opposite to that indicated in the
captions to the figures, the signs of deflection of +the semi-
circular canals change to the opposite, and the magnitude of
the deflection changes by no more than 5-7%.

Proof of the existence of hydromechanical interaction
is given, for example, by rotation of the model in the plane
of the horizontal canals, with which, as experiments showed,
not only the horizontal canal ig stimulated, but also the two
vertical canals, the position of which perpendicular to the
plane of rotation excludes their independent stimulation in
the absence of a connection with the horizontal canal. A
graph is presented in figure 3 which demonstrates the fact
that deflection of the intracanal medium, of the anterior
vertical canals, for example, during rotation of the model
in the plane of the horizontal canals reaches 15% of the de-
flection of the intracanal medium of +the horizontal canals.
For verification of the fact that the wvertical canals are
actually stimulated in the given case because of the presence
of movement of the fluid in the horizontal canal, plugging
of the horizontal canal was carried out, which precluded
movement of the glycerin in it. Under these conditions, with
the examined rotation, the vertical canals also ceased to be
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stimulated. With rotation in the plane of the vertical canals,
the horigzontal canal is almost not stimulated (see fig. 7), which
corresponds to the results of electrophysioclogical studies [26].

On the whole, the data obtained on the model indicate that /155
it is only possibdle to view the system of semicircular canals
as a set of isolated rings quite approximately. We did not
detect changes in the direction of flow of the fluid to the
opposite direction during rotation of the model with constant
velocity, which differs from the results of experiments [13]
on a model created without regard for the requirements of
the theory of dynamic similitude.

BK T ) . R o 1
—\ . 1 ’ ‘ 10 -
] 08t '
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Fig. 2. Example of oscillo- Fig. 3. Relative displace-
graph recording of dis- ment of endolymph in three
placement of model cupulae semicircular canals (I7,3,)
during rotation of model of the right labyrinth w1th
BK-rate of rotation of seat; rotation of the head in the
terior canal; 3-same in posterior . on the left,
canal; f-same in horizontal x-axis—magnitude of angular

canal. acceleration of model, multi-
plied by three, for coordinating
The resu%ts to the case of rotation
in man, °/sec®; y-axis—relative
displacements of cupulae, portions
of digplacement of cupula of canal
stimulgted most in the given situ-
ation, assumed per unit; + sign—
deflections of cupula, leading to
an increase in frequency of ampullar
impulsation in a natural labyrinth;
- sign—opposlte deflections.
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Fig. 4. Relative displacement Fig. 5. Relative displacement
of endolymph in three semi- of endolymph in three semi-
circular canals of the right circular canals of the right
labyrinth with rotation of the labyrinth with rotation of the
head in the plane of the anterior head in the plane of the right
right canal "forward-to the posterior canal "backward—to the
right". right".
Designations are the same as Designations are the same as in
in figure 3 figure 3.

The dismountable membrane of the physical scale model of
the semiclrcular canal system makes 1% possible to carry out
interchangeable ingtallation of different parts of the mem-
brane for studying the effect of the shape and dimensions of
its individual parts on the dynamics of the processes in the
system. For example, it 1s common knowledge that the cross-
section of the common limb of the vertical canals is ex-
tremely distinctive for animals of different species. 1In
order for verification of what kind of influence the magni-
tude of the cross-section of the common 1limb has on the pro- /156
cesses in the system, a speclally-manufactured common limb
with a cross-section three times smaller than normal was
installed in the model. The experiments showed that with
such a change in the membrane of the system, intensification
of the hydromechanical interaction between the vertical canals,
and 1ts weakening with respect to the effect of the horizon-
tal canals on the vertical, is characteristic for rotation in

the majority of the planes.
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We will now turn to the functioning of the vestibular
apparatus with angular oscillation of the head. We studied
the behavior of the cupulae in the scale model of the human
gsemicircular canal system with sinusgoidal angular oscillations
of the model on a VU-4 rotating unit. Fastening of the model
to the unit and recording of the movement of the model cupulae
were accomplished in the same way as in the experiments de-
scribed above. Shown in figure 6 is the behavior of three

5 cupulae of a single labyrinth with

'nn__f__ﬂm__ﬂnm.“_ﬁffL_m‘““_T angular oscillations of the model.

n -
- "_"_AAAAAANMVVVVVmeAAAAAf By the best approximation, the differ-

Fig. 6. Movement of cupulae with sinu-
goidal angular osclllations of the
model of the semicircular canal system.

Displacement of any of the presented
quasisinusoids upward (downward) is
assoclated with the displacement of
the corresponding cupula in the di-
rection of an increase (decrease) in
the frequency of ampullar impulsation.
T—anterior, 3—posterior, / —horizon-
tal canal.

ence between any of the represented curves and the sinu-
soidal curve according to which the cupula should oscillate,
according to Steinhausen's equation, consists of the accumu-
lation of the constant component, which strives for some maxi-
mum value with the passage of time. This meximum value is
greater the greater the frequency and amplitude of the angu-
lar oscillations of the head.

We will call the accumulating constant component of the
deflection of the cupula the differential deflection. This
appellation is suggested on the strength of the following associ-
ations: the given accumulation is accomplished by small por-
tions (in mathematics, a differential denotes a small increment),
and its cause consists of the difference'in the conditions of

)

)
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movement of the endolymph in opposite directions. We will
agree 1o consgider the differential deflections positive if
the cupula ghifts towards an increase in the frequency of the
ampullar impulsation, and negative with a shift of the cupula
in the other direction. The accumulation of differential
deflections of the cupulae with angular oscillations of the
head probably occurs in the vestibular labyrinths of all
animals, dut the nature of this asymmetry should be estab-
lished in each case by an individual investigation. The
differential deflections of the cupulae in man, as shown by
studies on our physical model of the semicircular canal system,
are negative in the anterior vertical canals and positive in

the horizontal and posterior vertical canals.

We would note that it was tests on a physical scale model
of the semicircular canals that revealed the accumulation of
the constant components of deflection of the cupulae with
angular osclllations of the semicircular canals, and drew our
attention to the existence of asymmetry of the conditions for
movement of the fluid along the canal in opposite directions
of by-pass. Recent searches in the literature made it possible
to establish that this phenomenon was noted earlier in studies
[11,13,197]. The assertions of these authors have already been
cited at the beginning of our article. However, we did not
manage to find studies in which the accumulation of the con- /157
stant components of deflection of the cupulae with oscillation
of the head was shown or hypothesized.

The indirect corroboration of the differential deflection
of natural cupulae revealed in tests on our models of the human
semicircular canal system can be seen in [19]. In this study,
carried out on monkeys, it is demonstrated that, with angular
sinusoidal oscillations of the natural semicircular canal sys-
tem, the activity of the cupular afferents, modulated according
to a distorted sine curve, ghifts sequentially relative to the

i8 ORIGINAL, PAGE TS
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activity level at rest with each period of time, as should be

the cage with the accumulation of the differential deflections

of the cupulae (fig. 7). The authors point out that such a

gquasi-sinusoidal character can not be explalined based on Stein-
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Fig. 7. Ampullar impulsation of the anterior semi-
circular canal of a monkey with angular sinusoidal
oscillations of the head with a frequency of 0.05 Hz.
X-axis—time, sec.; y-axis—Irequency of ampullar impul-
sation, impulses/sec.; lower and higher horizontal lines
on the graph—Ilevels of impulsation at rest before and
after the oscillations, respectively (according to [19]).

hausen's model, and this non-correspondence is attributed to
the dynamic features of the afferents which innervate the
semicircular canals. It seems to us that the gradual shift

of the constant component of ampullar impulsation can be ex-
plained more simply by the accumulation of differential de-
flections of the cupulae, the possibility of which the authors

overlooked.

One can correct Steinhausen's equation so that it would
reflect the difference in hydrodynamic resistances with move-
ment of the endolymph in different directions of by-pass of
the gemicircular canals. For this purpose, it is necessary
to make the value of the viscosity term in Steinhausen's
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equation dependent on the direction of movement of the endow-
lymph, thereby modifying the linear equation into a non-linear
equation:

I84C(signd) 64 KO=Ia, M |

where

L fewgese -
C(sign 8).-—_.{ o w:‘:;r(*ég(]_

Here, 0, &, and & are the angular shift, angular velocity,

and angular acceleration, respectively, of the endolymph on
the axis of the canal relative to its wallgy; I is the moment
of inertia of the endolymph ring; K is the moment of the
resilient forces per unit of angular deflection; < is the
component of angular acceleration of the skull relative to
inertial space, perpendicular to the plane of the semicircular
canal; C' and C" are the moments of the forceg of friection per
unit of angular velocity with movement of the endolymph in
opposite directions.

The study of equation (7) on an MN-7 analog computer, le

with a sinusoidal character of the angular acceleration, showed

the good gualitative suitability of this equation for describ-

ing the movement of the endolymph with angular oscillation of

the semicircular‘canal. Specifically, by means of comparison

with the results of angular oscillation of the physical model

of the semicircular canals in the physioclogically normal range,

it was gathered that the value of the coefficients P=C'/C" was
within the interval 0.9<P<1 for any of the canals.

The obtained data of the model studies have the most di-
rect relationship to the vestibular reactions of the body,
particularly with the effect of mechanical oscillations on man.
Thus, based on the model results set forth, we predicted and
recorded [6] the existence of a new class of so-called differ-

ential vestibular reactions, which should be displayed as a re-
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sult of angular sinusoidal oscillations of the human head,
and cannot be principally explained on the basis of Stein-
hausen's idealized model, which represents the semicircular
canal system as a set of isolated tores.

This prediction was based on the following initial thesis:
the constant components of deflection of the cupulae in one
of ®he directions with sinusoidal angular deflections of the
head are interpreted by the body as a result of the effect,
in addition to oscillator accelerations, of constant angular
accelerations, of which there are actually none. The given
hypothesis is natural, since 1t is well-known that one can
achleve shifts of the cupulae and a change in the frequency
ampullar impulsation by many inadequate methods (caloric
stimulation, stimulation by electric current, etc,), but the
vestibular reactions in this case will be the same as if angu-
lar accelerations, leading to a similar change in the fre-
gquency of ampullar impulsation, were acting on the semicircular
canals. The taking into account by the body of non-existent
constant angular acceleration with angular oscillations of
the head should lead to the appearance of additional senso-
motor reactions which do not correspond to the actual situation.
The features of these reactiomns depend on the plane and para-
meters of the oscillations.

In directed experiments with the participation of test
subjeets, we revealed [6] the following differential vestibular
reactions, which had been predicted beforehand: a) differential
vertical nystagmus as a result of angular oscillations of the
head in sagittal-symmetric planesg, frontal and horizontal, for
example; b) differential oculogyral illusion of movement of
a luminous target in the sagittal plane in the dark as a re-
sult of angular oscillation of the head in sagittal-symmetric
planes; ¢) differential sagittal-asymmetric nystagmus as a re-

21
ORIGINAY, PaGE 19

. OF POOR QuaLITY



sult of angular oscillation of the head in planes which are
mirrored-asymmetric relative to the sagittal plane; d) conver-
gence or divergence of the eyes and accompanying illusion of
splitting of objects in the field of vision parallel to the
plane of the horirzontal canals as a result of angular oscilla-
tions of the head.

The ideas of the asymmetry of the dynamics of the pro-
cesses in the vestibular apparatus make it possible to point
out the accumulation of differential deflections of the sensi-
tive elements of the vestibular apparatus‘aéién éddifignélr i
reason for the development of motion sickness in people and
animals. The indicated ideas are useful during the simu-
lation of disturbances of spatial perception and for the de-
velopment of procedures for vestibular training and professional

selectlon.

22



REFERENCES

Gurfinkel', v.S., Kots, A.Ya., Shik, M.L., Regulvatsiyva
pozy [Control of Posture, Moscow, 1968.

Gusev, V.M., Kislyakov, V.A., Levashov, M.M., Orlov, I.V.,
Polonnikov, R.I., "Isgssledovanie dinamicheskikh svoisgtv
kupulo-endolimfaticheskoi sistemy labirinta" [Study of
the Dynamic Properties of the Cupulo-Endolymphatic Sys-
tem of the Labyrinth], in ‘the book: Voprosy fiziologil
cheloveka i zhivotniykh [Questions of the Physiology of
Man and Animals |, Leningrad, 1970, pp. 212-220. .

Kislyakov, V.A., Perifericheskie 1 tsentral'nye mekhanizmy
vestibulyarnykh reaktgil |Peripheral and Central Mecha-
nisms of Vestibular Reactions |, Doctoral Dissertation,
Leningrad, 1971. .

Kislyakov, V.A., Orlov, I.V., "0 gidrodinamicheskikh v1li-
yvaniyvakh mezhdu otdelami vestibulyarnogo apparata" [The
Hydrodynamic Influences Between Sections of the Vesti-
bular Apparatus], DAN SSSR 198/2, 479-482 (1971).

Petukhov, 8.V., Ustroigstvo dlya modelirovaniya protsessov
v gigteme polukruzhnykh kanalov vestibulyarnoge apparata
[Device for Simulating the Processes in the Semicircular
Canal System of the Vestibular Apparatus|, Copyright No.
390555, : :

Petukhov, S.V., 0 dinamike protsegsov v vestibulyarnom
apparate [The Dynamics of the Processes in the vestibular
Apparatus |, Candidate's Dissertation, Moscow, 1973.

Razumeev, A.N., Shipov, A.A., "Nervnye mekhanizmy vesti-
bulyarnykh reaktsii™ [Nerve Mechanisms of Vestibular
Reactions], in the book: Problemy kosmicheskoi biologii
[Problems of Space Biologv/|, Vol. 10, Moscow, 1969.

Sarkisov, I.Yu., "Analiz sil, deistvulyushchikh na retsep-
tornye obrazovaniya polukruzhnykh kanalov pri pere-
meshcheniyakh cheloveka vo vrashchayushchikhsya sis-
temakh"” [Analysis of the Forces Acting on the’'Receptor
Formations of the Semicircular Canals with Movements of
Man in Rotating Systems ], Kosmich. biol. i med. 5/1,
61-76 (1971).

Sodov, L.I., Metody podobliya i razmernosti v mekhanike

[Methods of Similitude and Dimensionality in Mechanics],
Moscow, 1965.

ORI reg
QFI%KEE;SAGEJS 23

T



10.

11,

13.

ik,

15,

16.

17,

18.

19.

20,

21.

24

Tyumyantsev, N.F., "Neskol'ko tochek opory dlya suzhdeniya
o vestibulyarnom nistagme" [Several Points of Support
for the Judgement of Vestibular Nystagmus |, Irkutsk. med.

gh. 3/1-2, 79-91 (1925).

Tyumyantsev, N.F., "0 mekhanizme vrashchatel'nogo nis-
tagma" [The Mechanism of Rotation Nystagmus], Russkaya
otolaringologiya, 3, 171-174 (1926).

Undrits, V.F., "Opyty & imitatsiei dvizghenii endolimfy
v polukruzhnykh kanalakh" [Tests with Simulation_of the
Movement of Endolymph in the Semicircular Canals], Zh.
ushnykh, nosovykh i gorlovykh boleznei, 7, 593-599 (1927).

Chebanov, S.G., Materialy k fiziologil polukruzhnykh
kanalov [Materials on the Physiology of the Semicircular
Canals |, Doctoral Dissertation, Leningrad, 1956.

Shtein, S3.F., "0 dvizhenili zhidkosti v modelili ushnogo
labirinta" [Movement of Fluid in a Model of the Aural
Labyrinth], Tr. Pirogovskogo g"ezda, Moscow, 1904,

Anson, V., Harper, D., Winch, T.H., "The Vestibular and
Cochlear Agqueducts™, Third Sympogium on the Role of the
Vestibular Organs in Space Exploration, Pensacola, 1967,
pp. 125-148,

Beck, C., Bader, J., "Ein Beltrag zur feineren Anatomic
des menschlichen Innenohres", Arch. f. Ohr.-Nasen u.
Kehlkopfheilkunde 181/3, 245-251 (1063).

Caston, I., "The Efferent Influence on Vestibular Re-
ceptors", J. Physiol. (France) 65/2, 210 (1972).

Crum Brown, A., "On the Sense of Rotation and the Anatomy
and Physiology of the Semicircular Canals of the Inner
Ear", J. Anat. a. Physiol. 8/3, 327-340 (1874).

Fernandez, C., Goldberg, J., "Physiology of Peripheral
Neurcons Innervating Semicircular Canals of the Squirrel
Monkey", J. Neurophysiol. 34/4, 413-430 (1971).

Gaede, W., "Uber die Bewegung der Flussigkeit in einem
fotie§enden Hohlring", Arch. f. Ohrenheilk 110/1, 6
1922) .

Gleisner, L., Henriksson, N.G., "Vestibular Activity at
Experimental Variation of Labyrinthine Pressure", Acta
otolaryng. 61/5, 380-386 (1966).




22
23,
2,
25,

26,
27.

28.
29-

30.

31.

32,

33,

3k,

35.

Groen, J., Lowenstein, 0., Vendrik, A+, "The Mechanical
%naly?is of the End-Organs", J. Physiol. 117/3, 329
1952) .

Igarashi, M., "Dimensional Study of the Vestibular Organ
Apparatus", Second Sympogium on the Role of Vestibular
Organs in Space Exploration, California, 1966, p. A47.

Klinke, R., Schmidt, C., "Efferent influence on the
Vestibular Organ during Active Movements of the Body",
Pflug. Arch. 318/4, 325-332 (1970). '

Kilinke, R., Schmidt, C., "Efferente Impulge im Nerwvus
vestibularis bei Reizung des Kontralateralen Otolithen-
organs", Pflug. Arch. 304/2, 183-188 (1968).

Lowenstein, 0., Sand, A., "The Mechanism of the Semi-
circular Canal”, J. Physiol. 99/1, 89-101 (1940).

Mach, E., Grundlinien der Lehre von den Bewegungsemp-
findungen, Berlin, 1875.

Mayne, R.,"The Dynamic Characteristics of the Semi-
%ircu%ar Canals", J. Gomp., Psychol. 43/4, 309-319
1950) .

Rohrer, F., "Zur Theorie der Drehreizung das Bogengangs
%ppar?tes", Schweiz. Med. Wochenschrift 27/8, 669-685
1922).

Rossem, A., "Empfindungen und Reflexe, ausgelost in den
Bogengangen", Int. Zentr. f. Ohr. 6/9, 402-414 (1908).

Ryan, K.P., "The Fine Structure of the Lateral-Line Sense
Organs of Dogfish", Proc. Royal Soc., Ser. B 179/1055,

Sala, 0., "The Efferent Vestibular System", Acta otolaryng.

(Stockholm), 1965, Suppl. 197.

Steinhausen, W., "Uber dle Becbachtung der Cupula", Pflug.
Arch. 232/5, 500 (1933).

Steery Rey Li, T., Young, L., Meiry, J., "Physical Proper-
tieg of the Labyrinthine Fluids", Third Sympocsium on
the Role of the Vegtibular Organs in Space Exploration,
Pensacola, 1967, p. #409. .

(Szentagothal, J.) Sentagotai, Ya., Rol' otdel'nykh labi-
rintnykh retseptorov pri orientatsii glaz 1 golovy v
progstranstve |[The Role of Individual Labyrinthine Re-
ceptors during Orientation of the Eyes and Head in
Space ], Leningrad, 1967,

25



36. Wersall, J., "Physiological Aspects of the Vestibular End
Organ", Acta otolaryng. (Stockholm), 1956, Suppl. 126.

37. Wilson, V., "Neurophysiology of the Vestibular Organ",
Int. Rev. of Neurobiol. 15, 27-81 (1972).

38, (Young, L.R.), Yang, IL.R., "Model® wvestibulyarnoi sis-
temy upravleniya" [Model of the Vestibular Control-
system ], Tr. Mezhd. simp. po ftekhn. i biol. probl.
upravleniya, Yerevan, 1968, Moscow, 1970, pp. 93-1190,

26



