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Abstract 
In order to achieve the maximum transfer function, we studied the influence of vestibular organ tissues on changes in the

amplitude-phase characteristics  of  the stimulating signal.  The amplitude-phase characteristics of  the stimulating harmonic
signal from the electrodes located in the ampullas of the semicircular canals and otolith macules were measured when current
passed through the tissues of the vestibular organ to the vestibular nerve. The study was performed on outbred male Wistar
rats, without obvious signs of neurological pathology and physical defects. A stimulating sinusoidal voltage U0=400 mV was
supplied from an SFG-2110 signal generator alternately to each of the electrodes.  It  has been shown that to increase the
transfer function of the vestibular implant, it is necessary to place stimulating electrodes in accordance with the anatomical
structure of the inner ear of the animal.
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Аннотация 
В  данной  работе  с  целью  достижения  максимальной  передаточной  функции  исследовано  влияние  тканей

вестибулярного  органа  на  изменение  амплитудно-фазовых  характеристик  стимулирующего  сигнала.  Проведено
измерение  амплитудно-фазовых  характеристик  стимулирующего  гармонического  сигнала  от  электродов,
расположенных  в  ампулах  полукружных  каналов  и  отолитовых  макулах  при  прохождении  тока  через  ткани
вестибулярного  органа  до  вестибулярного  нерва.  Исследование  выполнено  на  аутбредных  крысах-самцах  линии
Вистар без явных признаков неврологической патологии и физических дефектов. Стимулирующее синусоидальное
напряжение  амплитудой  U0  =  400  мВ  подавалось  с  генератора  сигналов  SFG-2110  поочередно  на  каждый  из
электродов. Показано, что для повышения передаточной функции вестибулярного импланта необходимо размещение
стимулирующих электродов в соответствии с анатомическим строением внутреннего уха.

Ключевые  слова:  вестибулярный  имплант,  многоканальная  электрическая  стимуляция,  вестибулярный  нерв,
передаточная функция. 

Introduction 
It is known that direct galvanic stimulation of the vestibular nerve makes it possible to implant the vestibular organ to

restore vestibular function [1], [2], [3], [4]. All motion sensors must be considered to maintain stable vision and posture, as the
sensory areas of the semicircular canals and otoliths of the inner ear interact as an integrated sensory system. Thus, the concept
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of a vestibular implant should be implemented on multi-channel stimulation of the vestibular nerve, simulating stimuli from
three semicircular canals and two otolith organs, which together provide a real sense of spatial awareness [5], [6]. Making a
prosthesis of the functions of all five vestibular analyzers is associated with solving the problem of differences in the structural
and morphological properties of the otolithic membrane and the ampullas of the semicircular canals. It is a poorly studied area
of perceptual interactions [7].

For  effective  prosthesis  of  vestibular  sensors,  it  is  necessary  to  place  stimulating  electrodes  near  the  cristae  of  the
semicircular canals and otolith macules. In this case, the ability of the vestibular implant to generate stimulating impulses for
transmission to the brain through afferent channels to restore vestibular function is characterized by its  transfer function,
defined as the ratio of signals on the afferent nerve and on the stimulating electrode [8].

In this regard, in order to achieve the maximum transfer function, we studied the influence of vestibular organ tissues on
changes in the amplitude-phase characteristics of the stimulating signal.

Research methods and principles 
The amplitude-phase characteristics of the stimulating harmonic signal  from electrodes located in the ampullas of the

semicircular canals and otolith macules were measured when current passed through the tissues of the vestibular organ to the
vestibular nerve. The study was carried out on the basis of the TSU vivarium. Outbred male Wistar rats weighing 400–450 g,
without obvious signs of neurological pathology and physical defects, were used.

To study the anatomical structure of the vestibular organ, animals were slaughtered and decapitated under ether anesthesia.
Soft tissues of the periotic region of the head were prepared and removed. The skull was trepanned and bones of the tympanic
vesicle and periotic capsule were mechanically isolated, preserving the vestibulocochlear nerve emerging from it in its native
form.

Figure  1  shows  the  measurement  scheme and  location  of  the  stimulating  electrodes  and  recording  electrode  in  the
vestibular organ.

Figure 1 - Scheme for measuring the amplitude-phase characteristics of a harmonic signal when current passes through the
tissues of the vestibular organ. The numbers indicate the location of the stimulating electrodes in the ampullas of the

semicircular canals: 
1 – anterior; 2 – horizontal; 3 – posterior; 4 – near the otolith macules; 5 – recording electrode on the vestibular nerve
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Electrodes were inserted into the ampullas, or places in close proximity to the ampullas of the superior, horizontal and
posterior semicircular canals of the vestibular organ, and near the otolith macules (utricule and saccule). The fifth recording
electrode was fixed on the nerve section. Taking into account the tiny vestibular organ of the rat (the linear dimensions of the
vestibular apparatus are ~ 2 mm), the implantation of electrodes was carried out at 28.6x magnification via an MBS-10 optical
microscope. During the process of immersing the electrodes into the ampullas, the presence of contact was monitored by a
signal from an oscilloscope, which was further confirmed by repeating the recorded signal in the form of the original signal.
For the studies, silver-plated electrodes with a diameter of 0.4 mm were used.

A stimulating sinusoidal voltage with an amplitude of  U0 = 400 mV was supplied from the SFG-2110 signal generator
alternately to each of the electrodes corresponding to the anterior 1, horizontal 2 and posterior 3 semicircular canals and otolith
macules 5 (Fig. 1). Voltages from the recording electrodes of adjacent ampullas and at the end of the vestibular nerve were
simultaneously detected using a RIGOL DS1074B four-channel electronic oscilloscope. The amplitudes  U of the received
signals and their phase shift   relative to the stimulating signal were measured depending on the signal frequency, which
was set equal to 300, 1,000, 1,500, 2,000 Hz.

The measuring circuit contained a shunt resistance R=12 kOhm located between the recording electrode and the common
“zero” electrode. Using a recording oscilloscope, changes in the amplitude of the received signal over time were recorded at
the recording electrode and its phase shift relative to the signal at the stimulating electrode was calculated for each frequency.
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To calculate the amplitude of the received signal, the maximum values from 5-7 local signal maxima were averaged. To
determine the phase shift of the received signal relative to the supplied signal, the number of time intervals that fit within the
signal period n and the number of time intervals Δn between the near-zero voltages U of the supplied and received signals were
calculated. The phase shift was calculated as:

(1)

The resulting phase shifts at each period were subsequently averaged to calculate the average phase shift.

Main results 
The results of measurements of the amplitude-phase characteristics of the signal on the vestibular nerve are presented in

Table 1. and U are given relative to a 400 mV stimulating signal applied to electrodes placed in the first (A1), second (A2),
third (A3) ampullas of the semicircular canals and in the vicinity of the otoliths (SU), respectively. The average values of the
measured values of U and for each frequency are in bold.

Table 1 - Voltage U and phase shift relative to the stimulating electrode
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Frequen
cy, Hz

Ampulla 1 (A1)
(anterior canal)

Ampulla 2 (A2)
(horizontal canal)

Ampulla 3 (A3)
(posterior canal)

Otoliths (SU)

φ, ° U, mV φ, ° U, mV φ, ° U, mV φ, ° U, mV

300

-29.8 86.0 -31.7 144.0 -37.0 196.0 -16.4 168.0

-30.2 70.0 -31.6 162.0 -36.4 194.0 -16.4 152.0

-30.0 78.0 -31.7 153.0 -36.7 195.0 -16.4 160.0

1,000

-35.1 118.0 -26.7 192.0 -19.7 268.0 -15.0 194.0

-28.8 102.0 -24.3 220.0 20.5 268.0 -14.0 186.0

-32.0 110.0 -25.5 206.0 -20.1 268.0 -14.5 190.0

1,500

-30.9 136.0 -24.8 212.0 -14.7 276.0 -10.9 204.0

-25.6 118.0 -23.0 234.0 -11.6 276.0 -12.6 196.0

-28.3 127.0 -23.9 223.0 -13.6 276.0 -11.8 200.0

2,000

-29.1 140.0 -15.8 228.0 -10.6 280.0 -18.1 204.0

-25.0 130.0 -25.1 248.0 -8.7 280.0 -19.3 192.0

-27.1 135.0 -25.5 238.0 -9.7 280.0 -18.7 198.0

As it can be seen from Table 1, negative phase shift values indicate the capacitive nature of the tissues of the inner ear, due
to their membrane structure. This is also confirmed by an increase in voltage on the recording electrode with a simultaneous
decrease in the phase shift with an increase in the frequency of the harmonic signal.

A comparison of the voltage amplitudes at the recording electrode on the nerve shows that in this case it is closer to the
electrodes  located  in  the  vicinity  of  the  posterior  semicircular  canal  and  otolith  macules.  A study of  the  geometry  and
morphology of the vestibular labyrinth of a laboratory animal using the example of a rat, based on MRI and CT images [9],
showed that the anatomical structure of the inner ear has the following typical distances between the elements of the vestibular
apparatus (Table 2).

Table 2 - Typical distances between elements of the vestibular apparatus of a laboratory rat
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Measuring point names
Distance between points, mm

MRI data Micro-CT data

Exit of the nerve from the bony
labyrinth – ampulla of the

posterior canal
1.530 1.330

Exit of the nerve from the bony
labyrinth – macula of utricle

1.197 1.208

Exit of the nerve from the bony
labyrinth – macula of saccule

1.698 1.852

Exit of the nerve from the bony
labyrinth – ampulla of the lateral

canal
2.399 2.584

Exit of the nerve from the bony 2.409 2.613
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Measuring point names
Distance between points, mm

labyrinth – ampulla of the
anterior canal

Table 2 demonstrates that the anatomical location of the elements of the vestibular apparatus correlates with the location of
the stimulating electrodes,  and is confirmed by the results of measurements of the amplitude-phase characteristics of  the
voltages on the recording electrode. It follows that the configuration of the stimulating electrodes is important for optimizing
the transfer function of the vestibular implant [10].

Conclusion 
The experiment on multichannel electrical stimulation showed that the location of the stimulating electrodes plays a crucial

role in increasing the effectiveness of the vestibular implant for restoring vestibular function. The research results contribute to
the  understanding  of  the  electrophysiology  of  the  vestibular  labyrinth  for  the  design  and  development  of  multichannel
vestibular implants.
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