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INTRODUCTION 

Anatomy of the vestibular system 

The vestibular organs are located in the left and right temporal bones and, together 
with the hearing organ – cochlea, form the inner ear. The inner ear is also called: the 
labyrinth (Figure 1.1). Each vestibular system consists of five end organs: three semicircular 
canals that detect angular accelerations and two otolith organs that detect gravity, tilt, and 
linear accelerations. The inner space of the labyrinth is split into two compartments by the 
membranous labyrinth that follows the shape of the bony labyrinth. The labyrinth is filled 
with two types of liquid: endolymphatic fluid on the inside of the membranous labyrinth 
and perilymphatic fluid on the outside (Kingma & van de Berg, 2016).  

 

Figure 1.1 The human inner ear: bony labyrinth (yellow) and the vestibular nerve (blue) 
schematically. 

Each semicircular canal has a wide part called the ampulla, where the sensor for 
angular accelerations is located. The mechanical sensor consists of the membranous body 
– cupula that bends under the action of liquid inertial displacement during head turns. The 
cupula includes hair cells that convert mechanical displacement into electrical action 
potentials (Kingma & van de Berg, 2016; Wilson & Jones, 1979). The hair cells are direction 
specific. Their alignment differs between canals and left and right vestibular organs. This 
results e.g., in the right semicircular canal being more sensitive for the rotations to the 
right, and the left semicircular canal being more sensitive for rotations to the left. 
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There are two otolith organs: the utricle and the saccule. These organs are arranged 
nearly orthogonal to each other, allowing three dimensional sensation of linear 
accelerations and gravity due to the different orientations of hair cells (Wilson & Jones, 
1979). The mechanical sensor of otolith organs, called the macula, consists of three layers: 
the otoconia (calcium carbonate crystals) on top, a gelatinous membrane in the middle, 
and hair cells at the bottom.  

The superior vestibular nerve innervates the utricle and the superior and lateral 
canals. The inferior vestibular nerve innervates the posterior canal and the saccule (Kudo 
& Nomura, 1996). The nerve fibers of both divisions merge and then enter the vestibular 
nuclei of the brainstem. From the brainstem, the vestibular nerve fibers project to the 
oculomotor nuclei, spinal cord, neck region, cerebellum, and cortex. The vestibular organs 
facilitate several reflexes. The main reflexes are the vestibulo-ocular, vestibulo-spinal, and 
vestibulo-collic reflex (Goetz, 2007). 

Physiology of the vestibular system 

The vestibular system facilitates three main functions: spatial orientation, gaze 
stabilization, and postural control. Regarding spatial orientation, the vestibular system has 
a high sensitivity for tilt (Janssen et al., 2011), angular (Grabherr et al., 2008), and linear 
accelerations (Kingma, 2005b). 

Spatial orientation is facilitated by integrating signals originating from different 
sensory systems, including vestibular, visual, proprioceptive, and others. The contribution 
of the vestibular system is significant (Anson et al., 2021; Pfeiffer et al., 2014). However, it 
is challenging to study spatial orientation. 

Gaze stabilization is facilitated by the vestibulo-ocular reflex (VOR) that turns the eyes 
opposite to the head movement direction, resulting in image stabilization on the retina 
(Fetter, 2007). The VOR has a short latency between 6 and 15 ms in humans (Collewijn & 
Smeets, 2000). The VOR serves as a basis for diagnosing the semicircular canal function by 
comparing eye movements with head movements. 

Postural control is facilitated through vestibulo-spinal and vestibulo-collic reflexes 
(VSR and VCR, respectively) and the somatosensory and visual systems (Manzoni, 2009). 
Unlike the VOR, the VSR has longer latencies that vary between 40 and 160 ms (Britton et 
al., 1993; Fitzpatrick et al., 1994). 

The information received by the vestibular end organ is encoded in the nerves by 
modulation of the baseline (~100 spikes/sec) firing rate (Brontë-Stewart & Lisberger, 1994). 
If the end organ is excited, the firing rate increases up to 400 Hz, and vice versa: during the 
inhibition phase the firing rate can decrease to 0 Hz (DiGiovanna et al., 2016). 

DEFINING THE PROBLEM  

Bilateral vestibulopathy 

Bilateral vestibulopathy (BVP) is a disease characterized by deficits in the vestibular 
organs and/or vestibular nerves (Strupp et al., 2016). One of the most common causes of 
BVP is ototoxicity due to use of aminoglycosides such as gentamicin sulfate (Sun et al., 
2014). Among other causes, there are genetic abnormalities, Menière’s disease, 
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labyrinthitis, meningitis, ischemia, autoimmune disease, and head trauma (Lucieer et al., 
2016). The typical symptoms include imbalance and oscillopsia (Hain et al., 2013; Lucieer 
et al., 2016, 2018; Strupp et al., 2017). Oscillopsia is an illusion of a moving (oscillating) 
world in the visual field during head movements. BVP significantly impairs quality of life 
and therefore leads to an extra social and economic burden for the society (Guinand et al., 
2012; Sun et al., 2014). The prevalence of vestibular disorders is estimated at 1.1% in the 
whole population (Grill et al., 2018), 35% in the population over 40 years old (Agrawal et 
al., 2009), and the prevalence of BVP is about 0.03% (Ward et al., 2013). Therefore, timely 
diagnostics and treatment of vestibular disorders are very relevant. 

Diagnostics 

The most commonly used vestibular diagnostic tests are based on the assessment of 
the vestibular reflexes, especially the VOR (e.g., caloric test, torsion swing test, and head 
impulse test (HIT) (Lang & McConn Walsh, 2010; van de Berg et al., 2018; Wuyts et al., 
2007). The development of oculography techniques allowed the quantitative analysis of 
the VOR by using a video camera (video-oculography, VOG) or recording of the electrical 
potential of an eye (electro-oculography, EOG), or scleral coil lens in a magnetic field 
(scleral coil technique, SCT) (Eggert, 2007)(Alhabib & Saliba, 2017; Halmagyi et al., 2017; 
Welgampola et al., 2019). Each oculography method has its advantages and disadvantages 
and should be applied in the appropriate case. For instance, the VOG relies on the visibility 
of the eye pupil, which can be limited in the case of vertical HIT or semi-closed eyelids. In 
contrast, the EOG can track the eye position even when eyes are closed, but it is a much 
more time-consuming technique. Eventually, the feasibility of the EOG application to 
perform HIT remains unknown. 

Apart from vestibular reflexes, the vestibular system contributes to self-motion 
perception. Self-motion perception thresholds can be estimated by determining the 
slowest motion, which is still detectable, almost similar to an audiogram in patients with 
hearing difficulties (Bermúdez Rey et al., 2016; Grabherr et al., 2008; Kingma, 2005a; 
Merfeld, 2011). Self-motion perception thresholds have been investigated in recent years 
as a potential diagnostic tool, next to reflex testing. This required the development of a 
clinically applicable procedure to test BVP patients and assess the influence of the VI on 
motion perception. 

Restoring vestibular function 

Since the treatment options regarding (nearly) absent vestibular function are limited 
(Zingler et al., 2007), a novel treatment option was previously suggested: a neural 
prosthesis (vestibular implant, VI) that directly stimulates the vestibular afferents by the 
electrical current, which bypasses the damaged vestibular organ (Guinand et al., 2011). 
Several extensive studies in animals and humans demonstrated the feasibility of this VI 
(Guyot & Perez Fornos, 2019). After all, the VI can (partially) restore the VOR (Fornos et al., 
2014), dynamic visual acuity (Starkov, Guinand, et al., 2020; Starkov, Snelders, et al., 2020), 
and influence postural control (Boutabla et al., 2020).  

In silico experiments using simplified or detailed 3D geometry of the inner ear were 
used to visualize and predict the response of the neural afferents to the electrical stimuli 
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in humans and animals (Handler et al., 2017; Hayden et al., 2011; Marianelli et al., 2015; 
Schier et al., 2018). Ultimately, the electrical impedances of the tissues serve as a basis for 
the models and define the feasibility and quality of electrical stimulation. For example, 
electroconductive properties of biological tissues determine which structures will be 
stimulated in the inner ear. In addition, the process of fibrosis formation that occurs after 
vestibular implantation, may prevent any electric current the inner ear. Therefore, studying 
the inner ear electrical impedances is crucial to develop electroconductivity models used 
for optimizing electrical stimulation by the VI. 

THE AIM OF THIS THESIS 

This thesis aims to improve the diagnostics of the vestibular system and optimize 
electrical stimulation of the vestibular end organs using an artificial vestibular organ (the 
vestibular implant: VI) based on underlying physical principles. In particular, this thesis 
explored: the vestibular-ocular reflex testing using electro-oculography and video-
oculography; self-motion perception using a motion platform; anatomy of the guinea pig 
inner ear and its electrical properties regarding electrical stimulation of the vestibular 
afferents. 

OBJECTIVES 

 to investigate the patterns of vestibular impairment in BVP in general and 
subsequently the implications regarding patient eligibility for vestibular 
implantation, and investigate whether the pattern and severity of vestibular 
impairment depends on the etiology (Chapter 2); 

 to check the feasibility of applying EOG in the horizontal HIT by comparing eye 
velocity traces simultaneously recorded by EOG and VOG during the horizontal HIT 
(Chapter 3); 

 to investigate the application of a simplified and shorter paradigm for testing 
vestibular perception (Chapter 4); 

 to compare two paradigms for determining thresholds of self-motion perception 
(twelve-option versus two-option paradigm), in order to investigate whether 
reducing the choice options significantly influences the reported thresholds of 
healthy subjects, obtained with a more clinically oriented test (Chapter 5); 

 to determine electrical impedances between each pair of stimulating electrodes, 
with contacts located close to the center of each ampulla of each semicircular canal 
and adjacent to the vestibular nerve in the guinea pig inner ear (Chapter 6 and 
Chapter 7); 

 to construct the 3D electroconductivity model reflecting the measured electrical 
impedance in the guinea pig inner ear incorporating the electrical double layer 
present on electrode contact spot and to investigate the significance of the 
surrounding temporal bone (Chapter 6 and Chapter 8). 
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THESIS OUTLINE 

Chapter two: Bilateral vestibular loss: underlying diseases and diagnostic criteria to 
define severe loss 

The function of all five vestibular end organs was investigated in a large cohort of BVP-
patients from three tertiary centers. The different patterns of vestibular disfunction were 
described to demonstrate the heterogeneity of the population and to identify the subgroup 
suited for vestibular implantation. 

Chapter three: EOG vs. VOG: is EOG a reliable alternative for VOG to assess HIT? 

Head and eye velocities were simultaneously recorded during the horizontal head 
impulse test (HIT) in a group of healthy volunteers. Two oculography methods were used: 
video-oculography (VOG) and electro-oculography (EOG). The recorded eye velocities were 
processed and compared between both methods. It was hypothesized that the EOG 
method could replace the VOG to perform HIT, especially when the latter method is 
challenging to use: in vertical head impulse test, in infants, and in cases when VOG goggles 
do not fit on the tested subject head. 

Chapter four: A new and faster test to assess the vestibular perception 

A six degrees of freedom motion platform was used in a group of healthy volunteers 
to investigate self-motion perception thresholds and the influence of age on these 
thresholds. For this, each subject was seated on the platform in complete darkness, while 
the platform performed one of twelve possible movement types: translation up or down, 
left or right, forward or backward, roll left or right, pitch forward or backward, yaw left or 
right with different acceleration. The subject had to indicate what type and direction of 
movement were felt. The lowest acceleration was considered to be the threshold. 
Threshold testing might ultimately complement vestibular reflex testing and might 
contribute to the diagnostic and/or rehabilitation.  

Chapter five: Comparing the paradigms of motion perception measurement: 2-option 
vs. 12-option 

The motion platform described in Chapter Four was used in a group of healthy 
volunteers to investigate the influence of the testing paradigm on self-motion perception 
thresholds. Two testing paradigms were compared: subjects had to choose between 1) two 
options or 2) twelve options of type and direction of movement. Since the chance of 
guessing might affect the measured outcome of the self-motion perception thresholds, 
normative values are required for each testing paradigm separately. 

Chapter six: How to optimize the electrical stimulation for the VI: Geometry of the 
labyrinth 

Three dimensional geometrical models of the guinea pig and rat bony labyrinths were 
constructed based on micro-CT scans. The key morphological parameters of the 
semicircular canals were measured and compared to each other. 
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Chapter seven: How to optimize the electrical stimulation for VI: Electrical properties 

Electrical impedances were measured in the guinea pig inner ear in vitro using 
platinum electrodes located in three semicircular canal ampullae and the vestibular nerve. 
An equivalent circuit model was fitted to the measured impedances to evaluate physical 
phenomena affecting the impedance values: the electrical double layer and tissue 
polarization. 

Chapter eight: How to optimize the electrical stimulation for VI: Modeling of electrical 
conductivity 

The 3D geometrical model of the guinea pig inner ear (described in Chapter Six) was 
combined with electroconductivity laws and was fitted to the measured impedances 
described in Chapter Seven. The influence of the surrounding temporal bone on the 
electrical current propagation inside the bony labyrinth was investigated. In addition, 
based on the impedance measurements, the values of conductivity and permittivity of the 
electrical double layer and electrolytic liquid inside the inner ear were identified using the 
grid search algorithm. 
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ABSTRACT 

Objective 
This study aimed to 1) investigate the patterns of vestibular impairment in bilateral 

vestibulopathy (BVP) in general and subsequently the implications regarding patient 
eligibility for vestibular implantation, and 2) investigate whether the pattern and severity 
of vestibular impairment is etiology dependent. 

Methods 
One hundred and seventy-three subjects from three tertiary referral centers in The 

Netherlands, Belgium and Germany were diagnosed with BVP according to the Bárány 
Society diagnostic criteria. Subjects underwent different vestibular testing such as the 
caloric test, torsion swing test, three-dimensional or horizontal video Head Impulse Test 
(vHIT), and cervical and/or ocular vestibular evoked myogenic potentials (c- and oVEMPs). 
The underlying etiologies were split into: idiopathic, genetic, ototoxicity, infectious, 
Menière’s Disease, (head)trauma, auto-immune, neurodegenerative, congenital, and 
mixed etiology. 

Results 
Fifty-four percent of the patients diagnosed with BVP who underwent caloric test, 

torsion swing test, and horizontal vHIT met all three Bárány Society diagnostic test criteria, 
whereas 76% of the patients were eligible for implantation according to the vestibular 
implantation criteria. Overall, the caloric test and horizontal vHIT more often indicated 
horizontal semicircular canal impairment than torsion swing test. Three-dimensional vHIT 
results showed significantly higher gains for both anterior canals compared with horizontal 
and posterior canals (p<0.001). Rates of bilaterally absent oVEMP responses were higher 
compared to bilaterally absent cVEMP responses (p=0.010). Regarding the relationship 
between vestibular test results and etiology, only horizontal vHIT results were significantly 
lower for trauma, neurodegenerative and genetic disorders, whereas horizontal vHIT 
results were significantly higher for Menière’s Disease and infectious disorders. Exploration 
with hierarchical cluster analysis showed no significant association between etiology and 
patterns of vestibular impairment. 

Conclusion 
This study showed differences in the degree of vestibular impairment measured with 

different vestibular tests. More specific, caloric testing and vHIT seem to be more sensitive 
for measuring vestibular impairment, whereas torsion swing test is more suited for 
measuring residual vestibular function. In addition, no striking patterns of vestibular 
impairment in relation to etiology were found. Nevertheless, when comparing the Bárány 
Society diagnostic criteria and vestibular implantation criteria, it was demonstrated that 
although the implantation criteria are more strict, still 76% of BVP patients were eligible 
for implantation based on vestibular test criteria. It is advised to carefully examine every 
patient for their overall pattern of vestibular impairment, in order to make well informed 
and personalized therapeutic decisions. 
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INTRODUCTION 

Bilateral vestibulopathy (BVP) is a chronic disease which is characterized by bilaterally 
reduced or absent vestibular function due to deficits of the vestibular organs, the vestibular 
nerves, and/or the brain (Hain et al., 2013; Lucieer et al., 2016; Strupp et al., 2017). Patients 
typically suffer from imbalance, worsening in the dark and/or on uneven ground and 
movement-induced blurred vision (oscillopsia) (Lucieer et al., 2018). BVP also leads to 
additional symptoms such as an increased risk of falling, cognitive deficits, impairment of 
navigation and spatial memory, autonomic dysfunction, anxiety and depression (Brandt et 
al., 2005; Kremmyda et al., 2016; Lucieer et al., 2018; Dobbels et al., 2019a; Dobbels et al., 
2019b; Dobbels et al., 2020; Lucieer et al., 2020; Paredis et al., 2021). Consequently, BVP 
leads to reduced quality of life and imposes significant socioeconomic burden on Society 
(Guinand et al., 2012; Sun et al., 2014; Kovacs et al., 2019). BVP appears to be a 
heterogeneous disorder with various clinical characteristics and multiple identified 
etiologies, such as ototoxicity (e.g. gentamicin exposure), genetic disorders (e.g. DFNA9), 
Menière’s Disease, infectious causes (e.g. meningitis), neurodegenerative and inherited 
syndromes (e.g. CANVAS), autoimmunity (e.g. Cogan’s syndrome) or trauma (Rinne et al., 
1998; Ishiyama et al., 2006; Cushing et al., 2009; Zingler et al., 2009; Bovo et al., 2010; 
Clemmens and Ruckenstein, 2012; Greco et al., 2013; de Varebeke et al., 2014; Szmulewicz 
et al., 2014; Lucieer et al., 2016). Nonetheless, the reported percentages of idiopathic BVP 
vary between 20-75%, indicating that identifying the etiology can be challenging (Rinne et 
al., 1998; Zingler et al., 2009; Sun et al., 2014; Lucieer et al., 2016). 

To date, the prognosis for recovery of vestibular function is poor and an effective 
treatment for BVP is missing (Zingler et al., 2009; Porciuncula et al., 2012; Ward et al., 2013; 
Kingma et al., 2019). However, different research groups are in the process of developing 
a clinically applicable vestibular implant that might be able to address at least the major 
symptoms of BVP (Della Santina et al., 2007; Golub et al., 2014; Perez Fornos et al., 2014; 
Guinand et al., 2016; Perez Fornos et al., 2017; Ramos de Miguel et al., 2017; Guyot and 
Perez Fornos, 2019; Chow et al., 2021). Despite reaching important milestones in the 
development of the vestibular implant, many questions remain, and in order to develop a 
clinically useful device, it is crucial to gain a better understanding of the underlying disease 
BVP.  

So far, it remains unclear which factors contribute to the severity of the vestibular 
impairment. The current diagnostic criteria for BVP are primarily based on the function of 
the horizontal semicircular canals (e.g. caloric test, video Head Impulse Test (vHIT), and 
torsion swing test) (Strupp et al., 2017). However, recent studies have highlighted the 
varying pattern of impairment of the other vestibular sensors in BVP patients (i.e. the 
otolith organs and the anterior and posterior semicircular canals) (Zingler et al., 2008; 
Fujimoto et al., 2009; Agrawal et al., 2013; Tarnutzer et al., 2016; Hermann et al., 2018; 
Tarnutzer et al., 2018; Fu et al., 2020; Lee and Kim, 2020). For example, anterior 
semicircular canal sparing was found in aminoglycoside-related BVP, in BVP due to bilateral 
Menière’s Disease and in idiopathic BVP (Tarnutzer et al., 2016; Hermann et al., 2018; Lee 
and Kim, 2020). Ocular vestibular evoked myogenic potentials, most likely reflecting 
utricular function, showed to be the most impaired in aminoglycoside-related BVP and the 
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least impaired in BVP due to bilateral Menière’s Disease (Agrawal et al., 2013). Another 
evidently rare subtype of idiopathic BVP was proposed in which the saccular function was 
impaired in the presence of normal functioning horizontal semicircular canals (Fujimoto et 
al., 2009). Another study showed that horizontal semicircular canal function was more 
often affected than saccular function in aminoglycoside-related BVP (Fu et al., 2020).  

All studies mentioned above either included small patient groups, retrospectively 
analyzed the data, did not always include BVP patients according to the Bárány Society 
criteria, or investigated only one or two of the vestibular sensors. To date, no studies 
investigated the pattern of vestibular impairment of all vestibular sensors with relatively 
large patient groups, while recently published vestibular implantation criteria developed 
for research settings, take all vestibular sensors into consideration. According to these 
criteria, for instance, all vestibular tests (i.e. caloric test, three dimensional video head 
impulse test and torsion swing test) need to show a significantly impaired function in order 
to qualify as a vestibular implant candidate (Van De Berg et al., 2020).   

This study provides a description of vestibular function, in a large cohort of BVP 
patients diagnosed according to the Bárány Society criteria. The objective was to 1) 
investigate the patterns of vestibular impairment in BVP in general and subsequently the 
implications regarding patient eligibility for vestibular implantation, and 2) investigate 
whether the pattern and severity of vestibular impairment depends on the etiology.  

METHODS 

Subjects 

Study subjects were recruited from three tertiary referral centers in The Netherlands, 
Belgium and Germany: The Department of Otorhinolaryngology and Head & Neck surgery 
from Maastricht University Medical Center (MUMC+, center 1) and Antwerp University 
Hospital (UZA, center 2), and the Department of Neurology and the German Center for 
Vertigo and Balance Disorders, Ludwig Maximilians University Munich (LMU, center 3). 
Enrolled subjects were diagnosed with BVP in accordance with the BVP diagnostic criteria, 
which included unsteadiness and/or oscillopsia during walking or head movements, and a 
reduced bithermal caloric response (sum of bithermal maximal peak slow phase velocity 
<6°/s bilaterally) and/or a bilaterally reduced horizontal vHIT gain of <0.6, and/or a VOR 
gain <0.1 during torsion swing test  at 0.1 Hz (Strupp et al., 2017). Subjects below the age 
of 18 and subjects who were not able to stop vestibulosuppressive medication were 
excluded from participation in this study.  

Vestibular testing 

All centers performed vestibular testing to confirm a BVP diagnosis, although the 
number of tests performed, differed between centers. In center 1, vestibular testing 
included electronystagmography with caloric and rotatory chair testing, as well as three 
dimensional (3D-)vHIT and cervical and ocular vestibular evoked myogenic potential testing 
(c- and oVEMPs). In center 2, subjects underwent electronystagmography with caloric and 
rotatory chair testing, a 3D-vHIT and cVEMPs. In center 3, videonystagmography with 
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caloric testing was performed, together with a horizontal vHIT. An overview of different 
tests performed in each center is shown in table 1 of the supplementary materials (see 
appendix 1). 

The caloric test  

An extensive description of caloric testing was described previously (van Stiphout et 
al., 2021). To summarize, in all centers bithermal caloric testing was performed in both ears 
whilst patients were in supine position with a forward head inclination of 30°. Each 
irrigation lasted 30 seconds with a volume of at least 250 ml water in center 1 and 2 and at 
least 100 ml water in center 3, for both cold (30°C) and warm (44°C) irrigations with a 5-
minute stimulus interval between irrigations (Variotherm Plus device, Atmos Medizin 
Technik GmbH, Lenzkirch, Germany for all three centers). Eye movements were recorded 
using electronystagmography with self-adhesive electrodes at center 1 and 2 (Blue sensor, 
Ambu, Denmark) and with videonystagmography at center 3 (Interacoustics, Munich, 
Germany). The maximum peak slow phase eye velocity at the culmination phase (°/s) was 
measured (KingsLab 1.8.1, Maastricht University, Maastricht, The Netherlands at center 1; 
Nystagliner, Toennies, Germany at center 2; Interacoustics, Munich, Germany at center 3).  

Torsion swing test 

During torsion swing test, patients were seated in a servo-controlled rotatory chair in 
complete darkness with their eyes open (Ekida GmbH, Buggingen, Germany at center 1 and 
ServoMed AB, Varberg, Sweden at center 2). Sinusoidal rotatory stimulation was 
performed at 0.1 Hz at MUMC+ and at 0.05 Hz at UZA with a peak velocity of 60°/s.  Again, 
eye movements were recorded with electronystagmography with self-adhesive electrodes 
(Blue sensor, Ambu, Denmark in both center 1 and 2) and the VOR gain was calculated as 
the ratio between peak eye velocity and peak head velocity (KingsLab 1.8.1, Maastricht 
University, Maastricht, The Netherlands at center 1; Nystagliner, Toennies, Germany at 
center 2).  

Video Head Impulse Test 

The horizontal vHIT and the vHIT in the Right-Anterior-Left-Posterior (RALP) and Left-
Anterior-Right-Posterior (LARP) canal planes (3D-vHIT) were performed using the Video-
Head Impulse Test device from Otometrics at center 1 and 2 (Otometrics, Taastrup, 
Denmark). At center 3 horizontal vHIT was performed using the Eye-SeeCam 
(Interacoustics, Munich, Germany). The testing method was described previously (van 
Dooren et al., 2018; Van Dooren et al., 2020). In brief, the technician stood behind the 
subject (who was sitting on a static chair) and held their head firmly without touching the 
goggles. The subject was instructed to maintain visual fixation on an earth-fixed target at a 
distance of 2 meters at center 1 and 2 and 1.8 meters at center 3. Head impulses comprised 
fast unpredictable, low-amplitude (±20°) head movements in the horizontal plane (all three 
centers, peak head velocity >150°/s) and in the RALP and LARP planes (center 1 and 2, peak 
head velocity >100°/s). The Otometrics system defines the VOR gain as the ratio of the area 
under the eye velocity curve to the area under the head velocity curve from the impulse 
onset until the head velocity drops to zero again (Macdougall et al., 2013). The 
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interacoustics system divides the eye and head velocity at a certain point in time (around 
60ms after impulse onset) (Van Dooren et al., 2020). 

Vestibular Evoked Myogenic Potentials 

Both center 1 and 2 used the Neuro-Audio system with electromyographic software 
(v2010, Neurosoft, Ivanovo, Russia) and self-adhesive electrodes (Blue sensor, Ambu, 
Denmark) to record ocular and/or cervical VEMPS. cVEMPs were measured over the 
sternocleidomastoid muscle after stimulating the ipsilateral vestibular organ with air-
conducted tone bursts of 500Hz, provided via inserted earphones at a stimulation rate of 
13Hz. oVEMPs were measured over the inferior oblique muscle after stimulating the 
contralateral vestibular organ with the same stimulation parameters as for cVEMPs. Details 
on the procedure have been published previously (Colebatch et al., 1994; Vanspauwen et 
al., 2011; van Stiphout et al., 2021). In brief, for cVEMPS, subjects were in a supine position 
with their back tilted in an angle of 30° from the horizontal plane and were instructed to 
turn their head away from the stimulus and to lift their head up slightly. Two hundred 
electromyography (EMG) traces with a minimum rectified voltage of 65 µV and a maximum 
rectified voltage of 205 µV were accepted. A visual feedback system (v2010, Neurosoft, 
Ivanovo, Russia) provided patient feedback to maintain correct muscle contraction. For 
oVEMPS, subjects were in a supine position and were instructed to keep their gaze fixed 
on a focus point 30 degrees behind the head to achieve superomedial gaze. A minimum of 
300 EMG traces were accepted.  

VEMPs were first recorded starting at maximum stimulus intensities of 130dB SPL 
(center 1) or 95dB HL (center 2).  Then recordings were attempted again using stimulus 
amplitudes successively decreasing by 5dB at each step. Thresholds were determined in 
consensus between two independent technicians at the level where a biphasic wave 
response was present. When no typical biphasic wave was found at 130 dB SPL at center 1 
or at 95 dB HL at center 2, a patient was considered to have an absent c- or oVEMP 
response. 

Data collection, processing & analysis 

The caloric test was performed in all three centers. The torsion swing test was 
performed in center 1 and 2, but at different frequencies (0.1Hz and 0.05Hz respectively). 
Since the frequency of sinusoidal rotatory stimulation at center 2 differed from the 
frequency stated in the BVP diagnostic criteria, patients from center 2 were not included 
in this analysis based on their VOR gain measured during torsion swing test alone. As 
described above, the horizontal vHIT was performed in all three centers, vertical vHIT and 
cVEMPs in center 1 and 2, and oVEMPs only in center 1. Therefore, the amount of data 
available for analysis, differed between tests.  

IBM SPSS Statistics version 25 and R version 3.5.2 were used for data-analysis. 
Descriptive statistics were used to describe basic features of the data (e.g. percentages). 
Non-parametric methods were applied to determine significant differences between test 
results (e.g. Kruskal Wallis H test with post hoc Dunn’s test and Mann-Whitney U test). P-
values ≤ 0.05 were considered significant and were adjusted and reported with Benjamini-
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Hochberg correction for multiple testing. Fisher’s exact test and the Chi-squared test were 
used to compare proportions of categorical outcomes. 

Before the data was analysed extensively, it was checked whether the data between 
centers could be pooled. Caloric test results differed between the three centers (χ2(2) = 
40.8, p < 0.001), therefore data could not be pooled. Torsion swing test results from center 
1 and center 2 could not be pooled since the frequency of sinusoidal rotatory stimulation 
at center 1 (0.1Hz) differed from center 2 (0.05Hz) and the results were significantly 
different (Mann-Whitney U = 1954.5, p = 0.002). No significant differences for 3D-vHIT 
results between centers for five out of six semicircular canals were found (Kruskal-Wallis H 
test, p > 0.05). The left horizontal canal showed a significant difference between centers 
(χ2(2)= 7.2, p = 0.029), however the Levene’s test for homogeneity of variance did not show 
a significant difference (F = 1.32, p = 0.192). Therefore, 3D-vHIT results of all centers were 
pooled per canal.  

VEMP results were categorized in absent versus present responses (i.e. when no 
typical biphasic wave was found at 130 dB SPL at center 1 or at 95 dB HL at center 2, a 
patient was considered to have an absent c- or oVEMP response). cVEMPs were analysed 
for each center separately since 1) the decibel measurement level differed between center 
1 (dB SPL) and center 2 (dB HL) and 2) the Chi-squared test showed that there was a 
significant association between centers and absent versus present cVEMP responses (χ(2) 
= 8.57, p = 0.014).  

To investigate the patterns of vestibular impairment in BVP in general, the vestibular 
test results were first analysed using descriptive statistics to describe basic features of the 
data. Subsequently, the results were interpreted according to the Bárány diagnostic criteria 
for BVP, which included a reduced bithermal caloric response (sum of bithermal maximal 
peak slow phase velocity <6°/s bilaterally) and/or a VOR gain <0.1 during torsion swing test 
at 0.1 Hz and/or a bilaterally reduced horizontal vHIT gain of <0.6 (Strupp et al., 2017). To 
investigate patient eligibility for vestibular implantation regarding results from vestibular 
reflex testing, vestibular test results were interpreted according to the vestibular 
implantation criteria, which included a bilaterally reduced or absent angular VOR function 
documented by at least one of the major criteria and all minor criteria (i.e. in case only one 
or two major criteria were met, the remaining tests should comply the minor criteria). The 
major criteria included a reduced bithermal caloric response (sum of bithermal maximal 
peak slow phase velocity ≤6°/s bilaterally), a reduced horizontal VOR gain ≤0.1 during 
torsion swing test at 0.1 Hz and a pathological horizontal VOR gain ≤0.6 bilaterally with at 
least one vertical VOR gain <0.7 bilaterally, measured with vHIT. The minor criteria included 
a reduced bithermal caloric response (sum of bithermal maximal peak slow phase velocity 
<10°/s bilaterally), a reduced horizontal VOR gain <0.2 during torsion swing test at 0.1 Hz 
and pathological VOR gains of at least two semicircular canals <0.7 bilaterally, measured by 
vHIT (Van De Berg et al., 2020).  

Hierarchical cluster analysis was applied to explore and visualize patterns of vestibular 
impairment with respect to etiology. Cluster analysis requires complete cases (i.e. no 
missing data), therefore only patients with complete data for caloric testing, torsion swing 
test, 3D-vHIT, cVEMPs and oVEMPS were included (i.e. 45 patients from center 1). Before 
clustering, the data were standardized in Z-scores (i.e. the individual scores minus the 
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mean, divided by the standard deviation), in order to have the variables weigh equally in 
the cluster analysis. Ward’s method with the distance measure squared Euclidian distance 
was used, since Ward’s method has the highest agglomerative coefficient compared with 
the other hierarchical clustering methods. The silhouette method was used to determine 
the optimum number of clusters (Rousseeuw, 1987). Hierarchical cluster analysis resulted 
in two dendrograms with etiology on the x-axis and vestibular tests results on the y-axis. A 
heatmap was created. Each column represented one subject and each row represented the 
output of a specific vestibular test. A “relatively bad (vestibular) score” was illustrated by 
lower Z scores in the colour red. A “relatively good (vestibular) score” was illustrated by 
higher Z scores in the colour blue. After performing the analysis, etiology and patient 
characteristics and vestibular test results were compared between clusters.  

Ethical considerations 

The study was approved by the local ethical committee of center 1 (protocol number 
NL52768.068.15 / METC 151027), the local ethical committee of center 2 (protocol number 
16/42/426) and the local ethical committee of center 3 (project number 20-174). The study 
was registered on trialregister.nl (center 1, Trial NL5446 (NTR5573)) and ClinicalTrials.gov 
(center 2, (NCT03690817)). All study participants gave their written informed consent prior 
to inclusion in the study. 

RESULTS 

Patient characteristics  

A total of 173 patients (50 from center 1, 58 from center 2 and 65 from center 3, 53% 
males) were included in this study with a mean age of 60 ± 15 years (range 19 – 91 years). 
A diagnosis of the underlying etiology of BVP could be identified in 112 out of the 173 
patients. Genetic disorders (n=29, 17%), ototoxicity (n=28, 16%) and infectious disorders 
(n=21, 12%) were the most common etiologies. Less frequently, the cause of BVP was due 
to Menière’s Disease (n=12, 7%), (head)trauma (n=6, 4%), auto-immune disease (n=5, 3%), 
neurodegenerative disorders (n=5, 3%) or congenital disorders (n=4, 2%). Two patients 
presented with a mixed etiology (vestibular schwannoma on one side and idiopathic 
etiology on the other side). In approximately one third of the cases (n=61, 35%), no 
underlying etiology could be identified. The distribution of etiology (Figure 2.1) was 
significantly different between centers (Fisher's Exact Test p < 0.01).  
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Figure 2.1 Distribution of etiology of bilateral vestibulopathy for all three centers 
combined and per center separately. Numbers shown in each pie chart represent the 

count (n) of each etiology. 

 

Vestibular function 

Vestibular test results 

Median caloric test results were significantly higher for center 3 (6.2°/s) compared 
with center 1 and 2 (both 0°/s) (χ2(2) = 39.6, p < 0.001, Figure 2.2). No significant 
differences were found between median caloric test results for center 1 and 2. Torsion 
swing test results from center 1 (0.1Hz) were significantly higher compared with center 2 
(0.05Hz) (Mann-Whitney U = 1954.5, p = 0.002, Figure 2.2).  
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Figure 2.2 Vestibular test results for caloric test (sum of bithermal maximal peak slow 
phase velocity bilaterally) and torsion swing test (VOR gain) per center. Each box plot 
represents the 25 to 75 percentiles, bold black lines the median, dots the outliers and 

asterisks illustrate statistically significant differences. 

 
Three dimensional vHIT results showed a median VOR gain below 0.5 for all 

semicircular canals, with the lowest VOR gain measured at the horizontal canals and the 
highest VOR gain measured at the anterior canals (χ2(5) = 35.5, p <0.001, Figure 2.3). After 
analysing the data separately per center, this trend was detectable in both center 1 and 2 
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but only significant in center 2 after correction for multiple comparisons (χ2(5) =35.7, p < 
0.001, Appendix 1 figure 1, figure 2 and table 2). 

 

Figure 2.3 Vestibular Ocular Reflex (VOR) gain for all six semi-circular canals measured 
with video Head Impulse Test for all three centers combined (Horizontal canals: center 1, 2 
and 3, Vertical canals: center 1 and 2). Each box plot represents the 25 to 75 percentiles, 

bold black lines the median, dots the outliers and asterisks (*) illustrate statistically 
significant differences.  

 
The percentage of bilaterally absent cVEMP responses was higher in center 2 

compared with center 1 (66% and 44% respectively, χ(2) = 8.57, p = 0.014). When looking 
at cVEMP and oVEMP responses at center 1, rates of bilaterally absent oVEMP responses 
were higher compared to bilaterally absent cVEMP responses (74% vs 44% respectively, 
χ(2) = 9.30, p = 0.010) (Figure 2.4). 
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Figure 2.4 Percentages of bilaterally absent, unilaterally absent and bilaterally present 
cervical and ocular vestibular evoked myogenic potentials (cVEMPs, oVEMPs) of patients 

with bilateral vestibulopathy at center 1 and center 2. 

 

Vestibular impairment according to the Bárány diagnostic criteria for BVP 

Regarding the cases without missing data for caloric testing, torsion swing test and 
horizontal vHIT, the majority of the patients (54%) met three of the criteria of the Bárány 
Society described earlier, whereas 21% met two of the Bárány criteria and 25% only met 
one criterion. In the group of patients who met two out of three Bárány criteria, an 
impaired VOR gain measured with vHIT combined with a reduced caloric response was 
most prevalent (19%). In the group of patients who only met one of the Bárány criteria, a 
reduced caloric response was most prevalent (17%), followed by an impaired VOR gain 
measured with vHIT (6%) and torsion swing test (2%) (Figure 2.5).  
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When considering the total study population, the caloric test and horizontal vHIT 
more often indicated horizontal semicircular canal impairment than the torsion swing test 
(Figure 2.6). For example, in center 1 only one patient was diagnosed with BVP according 
to the Bárány criteria based on the torsion swing test alone, whereas the rest of the 
population was diagnosed using the caloric test or horizontal vHIT or both. 

 

  

Figure 2.5 Percentages of patients with bilateral vestibulopathy meeting one, two or three 
of the diagnostic criteria of the Bárány Society (shown in the outer circle, i.e. a reduced 
bithermal caloric response with a sum of bithermal maximal peak slow phase velocity 
<6°/s bilaterally and/or a VOR gain <0.1 during torsion swing test at 0.1 Hz and/or a 
bilaterally reduced horizontal video Head Impulse Test gain of <0.6). The inner circle 
shows the percentages of which tests are met by patients meeting one or two of the 

diagnostic criteria. Only cases without missing data for caloric testing, torsion swing test 
and horizontal video Head Impulse Test were included (center 1, n=48). 
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Figure 2.6 Distribution of patients with bilateral vestibulopathy meeting the diagnostic 
criteria of the Bárány Society, presented for each test separately in the colour blue (i.e. for 

the caloric test a reduced response with a sum of bithermal maximal peak slow phase 
velocity <6°/s bilaterally; for the torsion swing test (0.1 Hz) an impaired VOR gain <0.1; for 

horizontal video Head Impulse Test (vHIT) a bilaterally reduced VOR gain <0.6). Patients 
not meeting the diagnostic criteria for each test separately, are indicated with the colour 

red. Each column represents one of the diagnostic criteria per center; each row represents 
one subject per center.  

Patient eligibility for vestibular implantation according to the Implantation criteria 

Regarding the cases without missing data for caloric testing, torsion swing test and 
3D-vHIT (n=45), the majority of the patients (n=34, 76%) met the implantation criteria. 
Seventy-one percent of this group met three of the major criteria, whereas 24% met two 
major criteria and 6% only met one major criterion. In the group of patients who met two 
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out of three major implantation criteria, an impaired VOR gain measured with vHIT 
combined with a reduced caloric response was most prevalent. In the group of patients 
who only met one of the major implantation criteria, a reduced caloric response and an 
impaired VOR gain measured with vHIT were equally common. None of the patients only 
met the major implantation criteria for torsion swing test (Figure 2.7).  

 
 

  

Figure 2.7 Seventy-six percent of the patients met the criteria for vestibular implantation 
(n=34). For this group, the outer circle shows the percentages of patients meeting one, 

two or three of the major implantation criteria (i.e. for caloric testing a bilateral impaired 
caloric responses with a sum of bithermal maximal peak slow phase velocity ≤6°/s, for 
torsion swing test a reduced VOR gain ≤0.1 and for three dimensional vHIT a bilaterally 

reduced horizontal VOR gain ≤0.6 combined with at least bilaterally one vertical VOR gain 
<0.7). The inner circle shows the percentages of which tests are met by patients meeting 

one or two of the major implantation criteria.  

 

Vestibular function and possible relations to underlying BVP etiology 

The median vestibular test results for caloric testing and torsion swing test did not 
differ between different etiologies (Kruskal-Wallis H test with post-hoc Dunn test and 
Benjamini Hochberg correction p > 0.05, Appendix 1 table 3 and 4). Three dimensional vHIT 
results did not differ between etiologies for the anterior and posterior canals in the total 
group (Kruskal Wallis H test, p >0.05, table 3 Appendix 1). However, horizontal vHIT results 
were significantly lower in the total group for neurodegenerative disorders compared with 
the idiopathic group, infectious disorders, Menière’s Disease and the mixed etiology group. 
Horizontal vHIT results were also significantly lower for genetic disorders compared with 
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the idiopathic group and Menière’s Disease. Lastly, horizontal vHIT results were 
significantly lower for (head)trauma compared with the idiopathic group, Menière’s 
Disease and mixed etiology (Kruskal-Wallis H test with post-hoc Dunn test and Benjamini 
Hochberg correction p <0.05, Figure 2.8 and Appendix 1 tables 3 and 4). After analysing the 
data separately per center, some trends were detectable per center (e.g. lower horizontal 
vHIT results for genetic disorders in center 1 and lower horizontal vHIT results for 
(head)trauma in center 2), however no significant differences were found except for lower 
horizontal vHIT results for neurodegenerative disorders compared with the idiopathic 
group and Menière’s Disease in center 3 (Kruskal-Wallis H test with post-hoc Dunn test and 
Benjamini Hochberg correction, Appendix 1 table 4, Appendix 1 figure 3). 
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Figure 2.8 Vestibular Ocular Reflex (VOR) gain per etiology for all three pairs of semi-
circular canals (i.e. horizontal, anterior and posterior canals) measured with video Head 

Impulse Test, presented for all three centers combined. Each box plot represents the 25 to 
75 percentiles, bold black lines the median, and dots the outliers.  

 
Regarding VEMPs, the highest fraction (≥50%) of bilaterally absent cVEMP responses 

in center 1 was found in patients with ototoxic, infectious, autoimmune and congenital 
etiologies, whereas in center 2 almost all etiologies showed high fractions (>60%) of 
bilaterally absent cVEMP responses (except neurodegenerative disorders). Next to this, all 
etiologies showed high fractions (≥50%) of bilaterally absent oVEMP responses (center 1) 
(Appendix 1 figure 4 and 5). No significant differences were seen between different 
etiologies and the proportion of patients with pathologic VEMP responses (Fisher’s exact 
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test p = 0.52 and p = 0.99 for cVEMPs center 1 and 2 respectively and Fisher’s exact test, p 
= 0.36 for oVEMPs center 1). 

To investigate the pattern of vestibular impairment and its relation with etiology, 
hierarchical cluster analysis was performed, which resulted according to the silhouette 
method in two clusters (Figure 2.9). The first cluster (n=30; 47% female; mean age 58 years) 
showed overall lower median vestibular test results compared with the second cluster 
(n=15; 60% female; mean age 60 years). This was significant for the caloric test, torsion 
swing test, horizontal vHIT, vertical vHIT (Mann-Whitney U, p < 0.001) and cVEMP (Fisher's 
Exact Test p = 0.04). A detailed overview of all median test results and statistics can be 
found in Appendix 1table 5 and 6. Next to this, the distribution of the amount of Bárány 
criteria met, was significantly different among clusters: cluster 1 consisted of patients who 
predominantly met three criteria, whereas cluster 2 mainly included patients who only met 
one criterion (Appendix 1 figure 6). 

Some etiologies were more prevalent in one of the two clusters. For example, genetic 
disorders were more prevalent in the first cluster, whereas Menière’s Disease was more 
prevalent in the second cluster (Appendix 1 figure 7). However, no significant association 
between etiology and clusters was found (Fisher's Exact Test p = 0.854, Appendix 1 Table 
7).  

Next to this, some similarities in vestibular reflex tests were found in the cluster 
analysis (Figure 2.9, left dendrogram). It was observed that horizontal and anterior vHITs 
were arranged closely to each other and to caloric testing; posterior vHIT was located 
closely to the torsion swing test; and oVEMPs and cVEMPs formed a pair.  
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Figure 2.9 Heatmap as a result of hierarchical cluster analysis with 2 dendrograms; Each 
column represents one subject; each row represents the results of a specific vestibular 

test. A “bad (vestibular) score” (i.e. low scores on tests of vestibular reflexes) is illustrated 
by lower Z scores in the colour red. A “relatively good (vestibular) score” (i.e. relative high 

scores on tests of vestibular reflexes) is illustrated by higher Z scores in the colour blue. 
Curly brackets indicate the 2 clusters; “Cluster 1” and “Cluster 2”. Only cases without 

missing data for caloric testing, torsion swing test and horizontal and vertical video Head 
Impulse Test and ocular and cervical Vestibular Evoked Myogenic Potentials were included 

(n=45). (vHIT: video Head Impulse Test, oVEMP: ocular Vestibular Evoked Myogenic 
Potential, cVEMP: cervical Vestibular Evoked Myogenic Potentials) 

DISCUSSION 

This study provided a description of patterns of vestibular impairment and its relation 
to BVP etiology in a cohort of 173 BVP patients from 3 centers, diagnosed according to the 
Bárány Society criteria. Vestibular function was measured using the caloric test, torsion 
swing test, 3D-vHIT, cVEMPs and/or oVEMPs. Etiologies were split into 10 separate groups 
(i.e. idiopathic, genetic disorders, ototoxicity, infectious disorders, Menière’s Disease, 
(head)trauma, auto-immune disease, neurodegenerative disorders, congenital disorders, 
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and mixed etiology). The patterns of the vestibular impairment and their relation to BVP 
etiology are discussed below. 

Patterns of vestibular impairment 

Overall, this study demonstrated that more than half of patients diagnosed with 
bilateral vestibulopathy according to the Bárány Society diagnostic criteria, met all three 
criteria regarding vestibular testing. In patients who only met one or two of the criteria, 
the caloric test and horizontal vHIT criteria were most often met, in contrast to the torsion 
swing test criterion. The same trend was found when adhering to the vestibular 
implantation criteria. However, since the implantation criteria also include the vertical 
semicircular canals, the percentage of patients meeting the 3D-vHIT implantation criterion 
was lower compared with the percentage of patients meeting the horizontal vHIT 
diagnostic (Bárány Society) criterion. Despite the fact that the Bárány Society diagnostic 
criteria and vestibular implantation criteria seem to be, to some extent, similar to each 
other, they set different goals and have therefore several substantial differences. As stated 
above, the vestibular implantation criteria include all three semicircular canals. As a 
consequence, the vertical canal function should be considered next to the horizontal canal 
function. Additionally, although the major and especially the minor implantation criteria 
are less strict in terms of cut-off values for the caloric test, torsion swing test and horizontal 
vHIT compared with the diagnostic criteria, a potential implant candidate must meet all the 
implantation criteria (Figure 2.5 versus Figure 2.7). Furthermore, apart from vestibular 
reflex testing, the vestibular implantation criteria also include assessment of comorbidities 
and eligibility to undergo surgery (Van De Berg et al., 2020). Therefore, only a subgroup of 
the BVP population will be eligible for implantation. 

When investigating vestibular test results per test and per center separately, it was 
observed that the slow phase eye velocities measured during caloric test were significantly 
higher in center 3 compared with center 1 and 2 (Figure 2.2). This can be explained by 
different factors, varying from differences in caloric testing methods used (namely 
electronystagmography at center 1 and 2 and videonystagmography at center 3) which can 
result in different phase velocities values due to different blink detection and image 
processing algorithms used (Pietkiewicz et al., 2012), to different patient populations 
included in each center (Lucieer et al., 2016). Next to this, torsion swing test results were 
significantly higher in center 1 compared with center 2, which can be explained by 
differences in used frequency (0.1Hz at center 1 and 0.05 Hz at center 2): the vestibular 
system is more sensitive for rotations at 0.1 Hz than 0.05 Hz, leading to a higher response 
(i.e. VOR gain) (Baloh et al., 1979; Kingma and van de Berg, 2016; Lucieer et al., 2016). This 
sensitivity might also account for the fact that the diagnostic torsion swing test criterion 
was less often met than the criteria of the caloric test. After all, since the vestibular system 
has its optimum sensitivity around frequencies tested by the torsion swing test at 0.1Hz (in 
contrast to the frequencies tested by the caloric), a uniform decrease in semicircular canal 
function across all frequencies might result in losing responses to caloric testing first. 
Although frequencies tested with vHIT are also within the optimum frequency range of the 
vestibular system, vHIT more often indicated horizontal semicircular canal impairment than 
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the torsion swing test. Therefore, it might be hypothesized that the vestibular system 
shows earlier an impairment for conditions which demand a relatively large vestibular 
output in response to high accelerations and velocities. This hypothesis needs further 
investigation.  

Nevertheless, the results of this study showed that the response to torsion swing 
testing might be preserved the longest (Kingma and van de Berg, 2016). Therefore, the 
torsion swing test is least sensitive in detecting bilateral vestibulopathy, but most sensitive 
in measuring residual vestibular function, whereas caloric testing and vHIT seem to be 
more sensitive for measuring vestibular impairment (Lucieer et al., 2016).  

The variability of VEMP responses in this study is in line with results from previous 
studies, which also demonstrated the wide range of otolith function (as measured with c- 
and oVEMPs) in patients with BVP (Zingler et al., 2008; Agrawal et al., 2013; Rosengren et 
al., 2018). This variability could be explained by the large range of VEMP responses present 
in normal subjects, the heterogenous nature of BVP and the nature of VEMP testing itself 
(e.g. it is still unknown how much residual otolith function needs to be present to produce 
a synchronous motor discharge) (Rosengren et al., 2018). Furthermore, because of the 
diagnostic inclusion criteria, all of the included patients have horizontal canal semicircular 
impairment, whereas the function of the other vestibular end organs can have variable 
degrees of (dys)function. Since the utricle (tested with oVEMPs) projects into the superior 
branch of the vestibular nerve together with the horizontal semicircular canal, it can be 
hypothesized that patients included based on horizontal canal impairment also show 
bilaterally absent oVEMP responses (Bordoni et al., 2019). This might explain why rates of 
bilaterally absent oVEMP responses were higher compared to bilaterally absent cVEMP 
responses in center 1 (Figure 2.4), since there is possibly an intact inferior vestibular nerve 
function on which the saccule projects. Currently, it is not known whether isolated bilateral 
dysfunction of both otolith organs also causes significant disability (Rosengren et al., 2018). 
Therefore, all vestibular end organs should be evaluated before and after vestibular 
implantation in order to create awareness about potential damage to intact vestibular 
structures.  

Contribution of etiology to vestibular impairment 

The distribution of etiologies (Figure 2.1) was significantly different among 3 centers, 
indicating inhomogeneity of the data. This can potentially be caused by differences in 
clinical settings, namely ENT clinics (center 1 and center 2) compared with a neurological 
clinic (center 3). This fact can explain the trend that among all 3 centers the biggest fraction 
of neurodegenerative and idiopathic patients was observed in center 3, whereas the 
biggest fraction of infectious and genetic disorders was observed in center 1 and 2.  

The distribution of the 3D-vHIT VOR gains between different etiologies indicated 
several trends, although not every trend proved to be statistically significant (Figure 2.9). 
Overall, 3D-vHIT results showed significantly better gains for both anterior canals 
compared with the horizontal and posterior canals, which corresponds with previous 
literature (Tarnutzer et al., 2016). Three dimensional vHIT results did not differ significantly 
between etiologies for anterior and posterior canals although trends of anterior canal 
sparing were observed for Menière’s Disease, infectious disorders, ototoxicity, trauma and 
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idiopathic BVP. This is congruent with previous literature (Tarnutzer et al., 2016). Next to 
this, horizontal vHIT results were significantly lower for neurodegenerative disorders, 
genetic disorders, and trauma whereas horizontal vHIT results were significantly higher for 
Menière’s disease and infectious disorders.  

Cluster analysis identified two separate clusters of BVP patients in center 1 (which was 
the center with most available vestibular test data) with significant differences in residual 
vestibular function according to vestibular testing. This was also reflected by the amount 
of diagnostic and vestibular implantation criteria met between clusters. Cluster 1 consisted 
of patients who predominantly met 3 criteria, whereas cluster 2 mainly included patients 
who met only 1 criterion (Appendix 1 figure 6). Although, no statistically significant 
differences were found in etiology distribution between clusters (Figure 2.9), a slightly 
higher prevalence of Menière’s Disease was observed in cluster 2 that performed “better” 
in all vestibular tests, whereas the idiopathic and ototoxicity etiologies prevailed in cluster 
1 and performed “worse” (Appendix 1 figure 4). This could imply that the contribution of 
etiology to specific patterns of vestibular impairment might be limited and would 
eventually result in an overall better or worse vestibular function. Despite some patterns 
were found for a few BVP etiologies, one should consider every case individually and 
investigate every part of the vestibular system separately to obtain full understanding of 
the vestibular impairment.  

Order of vestibular test outcomes according to cluster analysis 

Cluster analysis showed similarities in vestibular reflex tests used in center 1 (Figure 
2.9, left dendrogram). For example, horizontal and anterior vHITs were arranged close to 
each other and to caloric testing; posterior vHIT was located close to torsion swing test; 
and oVEMPs and cVEMPs formed a pair. It is quite intuitive for VEMP results to be 
correlated to each other, since the two otolith organs are located next to each other. 
However, the opposite was found when testing the semicircular canal function. The caloric 
test, torsion swing test and horizontal vHIT are aimed to measure horizontal canal function 
and it could be hypothesized that they would closely correlate to each other. However, this 
was not observed in the cluster analysis, which showed close correlation of anterior and 
horizontal vHIT results together with the caloric test, and close correlation of posterior vHIT 
results with the torsion swing test. The proximity of the horizontal and anterior vHIT in the 
cluster analysis can be partly explained in terms of anatomy. The horizontal and anterior 
canals ampullae are located close to each other and project into the same superior 
vestibular nerve division, whereas the inferior vestibular nerve division receives input from 
the posterior canals (Khan and Chang, 2013). Next to this, as stated before, vHIT and the 
caloric test seem to be able to indicate vestibular impairment, whereas the torsion swing 
test is more sensitive to measure the residual vestibular function (Kingma and van de Berg, 
2016). This could explain why the torsion swing test is not in close proximity to the 
horizontal vHIT and caloric test in the cluster analysis. The trends found in this cluster 
analysis differed from the trends described by a previous study (Tarnutzer et al., 2018). For 
example, differences in the arrangement of the variables after clustering (e.g. horizontal 
and posterior canals in close proximity to the utriculus according to the previous study 
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(Tarnutzer et al., 2018)). Furthermore, in contrast to the study presented here, no 
differences in vestibular impairment were found. This could be the result of different 
approaches used, namely: 1) Normalization of data using single test results across patient 
groups (this study) compared with using all vestibular test results within one single patient 
((Tarnutzer et al., 2018)); and 2) scoring of vestibular function using results from separate 
vestibular reflex tests (this study) compared with considering separate vestibular organs 
(canals and otoliths, (Tarnutzer et al., 2018)). To sum up, the different study goals could 
result in a different distribution of patients among clusters and different interpretations 
regarding etiology, despite the implementation of the same analysis. Therefore, it is 
advised to investigate all vestibular end organs separately to appreciate the vestibular 
impairment as a whole.  

Limitations 

Most importantly, some etiology groups included small amounts of patients (n<5), 
which complicated statistical analysis. Next to this, the vestibular implantation criteria 
include a number of items that are not related to the vestibular reflex testing, which were 
not considered in this study (e.g. psychological or psychiatric disorders or an ability to 
undergo surgery). This could imply that the number of patients eligible for implantation in 
this study is an overestimation. Finally, the torsion swing test phase, being the 4th criterion 
according to Bárány criteria, was not used in this study, because either it was not measured 
or the automatic calculation algorithm was not reliable. 

Future perspectives 

In order to gather a much bigger dataset from different sources that can be pooled 
and analyzed together, an international standardized approach for vestibular testing will 
be crucial (Strupp et al., 2020). In particular, 1) different VEMP devices should be compared 
to each other in order to obtain the relation between stimuli and the threshold values; 2) 
the same torsion swing frequency and velocity should be used; and 3) raw traces of eye 
movements in both vHIT (obtained from different devices (Van Dooren et al., 2020)) and 
caloric testing (electronystagmography versus videonystagmography) should be analyzed, 
since different processing algorithms may lead to a significant difference in results of gain 
and SPV. In the case of a larger dataset, etiologies can be defined more specifically and at 
a more pathophysiological and morphological level (e.g. etiologies that lead to fibrosis). 
Next to this, future research between objective vestibular reflex test results and self-
reported symptom severity could provide more insight into the effect of different patterns 
of vestibular impairment and degree of specific BVP symptoms (e.g. anterior canal sparing 
and self-reported oscillopsia severity). 

CONCLUSION 

This study provided a description of vestibular function in a large cohort of BVP 
patients diagnosed according to the Bárány Society criteria. Overall, this study showed 
differences in the degree of vestibular impairment measured with different vestibular tests 
such as caloric test, 3D-vHIT, torsion swing test, and VEMPs. More specific, some tests (i.e. 
caloric testing and vHIT) seem to be more sensitive for detecting vestibular impairment, 



Bilateral vestibular loss: underlying diseases and diagnostic criteria to define 
severe loss 

45 

 

whereas other tests (e.g. torsion swing test) are more suited for measuring residual 
vestibular function. In addition, no striking patterns of vestibular impairment in relation to 
etiology were found. Nevertheless, when comparing the Bárány Society diagnostic and 
vestibular implantation criteria, it was shown that although the implantation criteria are 
more strict, still 76% of BVP patients were eligible for implantation based on vestibular test 
criteria. It is advised, especially in research setting, to carefully examine every patient for 
their overall pattern of vestibular impairment (i.e., all five vestibular end organs), in order 
to make well informed and personalized therapeutic decisions.  
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ABSTRACT 

Objective: Clinical vestibular testing mainly consists of testing reflexes, but does not 
routinely include testing for perceptual symptoms. The objective of this study was to 
investigate a new and faster test for vestibular perception, and to compare its results with 
previous studies.  

Methods: Fifty-five healthy subjects with no prior vestibular complaints were included 
and divided into three age groups. Vestibular perceptual thresholds were measured using 
a hydraulic platform in the dark. The platform delivered 12 different movements: six 
translations (forward, backward, right, left, up, and down) and six rotations/tilt (yaw left, 
yaw right, pitch forward, pitch backward, roll left, and roll right). The subject had to report 
the correct type and direction of movements. Thresholds were determined by a double 
confirmation of the lowest threshold. General trends in thresholds like relative 
interrelationship and the influence of age were analyzed and compared with values 
reported previously.  

Results: Mean thresholds of age groups ranged between 0.092 and 0.221 m/s2 for 
translations, and between 0.188 and 2.255◦/s2 for rotations. The absolute values differed 
from previous reports, but the relative interrelationship of thresholds between type and 
direction of motion remained. An association between age and vestibular thresholds was 
found, similar to previous reports.  

Conclusion: This new and faster test for vestibular perception showed comparable 
patterns in perceptual thresholds when compared to more research oriented, lengthy 
tests. This might pave the way for establishing vestibular perception testing protocols 
useful for the clinic. 
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INTRODUCTION 

The vestibular organ consists of three semicircular canals (lateral, anterior, and 
posterior) and two otolith organs (saccule and utricle). Three major vestibular functions are 
gaze stabilization, spatial orientation, and balance. These essential functions also rely on 
the contribution of other multiple senses, such as the visual and somatosensory system 
(Bringoux et al., 2016). In case of vestibular failure, contributions of the visual and 
somatosensory system increase in order to maintain balance (sensory substitution). 
Concurrently, readjustments of brainstem vestibular processing and adaptation occur 
(Lucieer et al., 2016; Van De Berg et al., 2015).  

Current diagnostics for the vestibular system mainly rely on the evaluation of reflexes, 
such as the vestibulo-ocular reflex (VOR) and the vestibulo-collic reflex. However, one third 
of patients with dizziness or imbalance have normal vestibular results on these tests 
(Merfeld et al., 2010). This illustrates that perceptual symptoms cannot always be 
addressed with current vestibular tests, and is probably related to the fact that vestibular 
perception utilizes other sensory pathways than vestibular reflexes (Grabherr et al., 2008). 
In general, perceptual thresholds have high sensitivity and specificity, since it is not easy to 
adapt to deficits caused by threshold-level stimuli. Therefore, there is a real clinical need 
to go “beyond reflexes” and measure vestibular perception, which could provide important 
additional information in the diagnostic process (Merfeld et al., 2010). Until now, vestibular 
thresholds have proven to be useful in identifying specific peripheral deficits and in 
diagnosing central disorders such as vestibular migraine (Bermúdez Rey et al., 2016; Lewis 
et al., 2011; Priesol et al., 2014). However, the clinical value of tests for vestibular 
perception is not yet fully determined. For example, they might develop into the equivalent 
of the “speech audiogram” for vestibular disorders (Bermúdez Rey et al., 2016; Van De Berg 
et al., 2015). 

Vestibular perception has been tested previously with a platform capable of 
producing different motion profiles: yaw rotations, combined translational and rotational 
movements (Grabherr et al., 2008)(Nooij et al., 2016), roll tilt (Bermúdez Rey et al., 2016), 
and lacked pitch movements (Bringoux et al., 2016; Priesol et al., 2014). The tested subject 
had to perceive and identify the type and/or direction of the movements. Next to this, 
differences between vestibular and visual thresholds were measured, and the effect of 
combining both was also evaluated (Karmali et al., 2014; Mardirossian et al., 2014). 
However, these vestibular perception tests take considerable time: up to 3 h (Bermúdez 
Rey et al., 2016). This not only increases the burden for the patient, but might also decrease 
the attention of the patient during the test. These factors can significantly influence 
reliability and reproducibility of the results. Therefore, there is a need to develop a clinically 
oriented test for vestibular perception that is sensitive and specific, but less time-
consuming. 

The objective of this study was to investigate the application of a simplified and 
shorter paradigm for testing vestibular perception and to compare its results with those 
obtained in previous, research oriented studies. This new paradigm might be used in the 
future for multiple purposes, including clinical evaluation of the vestibular implant and 
diagnosis of vestibular perceptual deficits (Merfeld et al., 2010; van de Berg et al., 2017).  
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It should be noted that vestibular perceptual tests are not purely testing the vestibular 
system (peripheral and central), since other sensory systems like proprioception are also 
involved in detecting movements. The brain integrates all these different inputs. Therefore, 
the vestibular perceptual thresholds can be considered as a functional outcome of the 
whole system, in which the vestibular system plays a major role (Merfeld et al., 2010). 

METHODS 

Participants 

Fifty-five healthy subjects with no prior vestibular complaints were included in this 
study. Ages ranged from 21 to 81 years old (median age 55 years, mean age 49 years). 
Twenty-four males and 31 females participated. Exclusion criteria comprised current 
vestibular disease, and inability to sit in the testing chair for at least 1 h. Patients with 
migraine or using vestibulosuppressants were also excluded because both these factors are 
known to influence vestibular function (Lewis et al., 2011). All included subjects were able 
to complete the whole experiment. 

Perception Platform  

Vestibular perceptual thresholds were measured using the hydraulic CAREN platform 
combined with the D-flow 3.22.0 software from Motek Medical BV (Amsterdam, The 
Netherlands). The platform delivered 12 different smooth, controlled movements: six 
translations (forward, backward, right, left, up, and down) and six rotations or tilt (yaw left, 
yaw right, pitch forward, pitch backward, roll left, and roll right). Each of the 12 thresholds 
was measured independently of others, which implies that no (major) effect should be 
expected from one movement on the thresholds of other movements. 

Preparations  

The subject was informed about the testing paradigm. All subjects were tested by the 
same technician (BD). The subject was seated in a chair mounted on the platform, and then 
fastened with a seatbelt for security purposes and to limit information provided by the 
body sliding on the chair. The test was performed in complete darkness and a blindfold was 
put on to avoid any visual cues. An infrared camera was used to monitor the subject during 
the experiments. Subjects wore a headset for communication with the technician and to 
mask the surrounding noise of the platform by playing a mix of previous sound recordings 
of the platform. First, a practice run was performed to verify understanding of the testing 
paradigm and subject compliance. Then, the testing paradigm was carried out. The 
technician continuously checked and maintained attention of the patient by 
communicating via the headset. 

Testing Paradigm  

The objective of the testing paradigm was to measure perceptual thresholds for 
angular and translational motions. Movements were applied in a random order and started 
at the highest possible accelerations. For each movement, the platform was first positioned 
and then the “test movement” was performed. After that, the platform returned to its 
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neutral position. Then, the subject had to immediately report the direction and type of 
movement to the technician using the headset. Both the direction and type of movement 
had to be correct, in order for the response to be validated by the technician (i.e., to lower 
the acceleration for that specific movement). Translation accelerations were lowered in 
steps of 0.1 m/s2, rotation accelerations in steps of 10◦/s2. In case of an incorrect or absent 
response, a step up of respectively, 0.05 m/s2 or 5◦/s2 was used. If the response remained 
incorrect, the accelerations were increased again by 0.02 m/s2 and 2◦/s2, respectively. The 
perceptual threshold for each movement was determined by a double confirmation of the 
lowest threshold, plus two times an absent response at the acceleration one step below 
the threshold. 

Stimulus  

A special motion stimulus profile was developed to quantify perceptual thresholds for 
translational (six directions) and rotational (six directions) accelerations. The motion profile 
for translational stimuli are illustrated in Figure 4.1. The rotational stimuli had the same 
profile. They were composed of a smoothly increasing acceleration phase (low jerk) until 
constant acceleration was obtained for a fixed duration (plateau phase). This was followed 
by a smooth decrease of the acceleration (low jerk) down to zero. After each stimulus the 
platform moved with a subthreshold acceleration and jerk to the starting position needed 
for the next chosen stimulus. By this procedure, patients did not feel any movement or tilt 
between the subsequent stimuli, by which it was not possible to anticipate on the type or 
direction of the next stimulus. A random sequence of all possible 12 stimuli was used. Due 
to the limitations of the platform, the range of translational movements was restricted up 
to 0.4m, and the range of rotational movements up to 30◦. This stimulus profile was chosen 
to provide a constant acceleration at a certain magnitude, for a given duration, defined by 
the investigator. All non-linear parts of the stimulus were sinusoidal to smoothly reach the 
plateau phases of the acceleration. The sine parameters (amplitude and frequency) 
depended on the magnitudes of acceleration (a) and jerk (j) and varied for each separate 
motion stimulus. Therefore, every stimulus was controlled by three parameters: maximum 
range, acceleration magnitude, and jerk magnitude. Minimum acceleration was 0.01 m/s2 
for translations and 0.1◦/s2 for rotations. Maximum acceleration was 0.4 m/s2 for 
translations and 40◦/s2 for rotations. 
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Figure 4.1 Schematic example of the stimulus shape of a translation. 

Data-Analysis 

IBM SPSS Statistics Version 24 was used for data-analysis. In order to compare the 
type of movements, results were grouped into the same type of movement (e.g., 
translations and rotations), same type of translation (translation left and right, forward and 
backward, up and down), and same type of rotation (yaw, pitch forward and backward, roll 
left and right). To be able to statistically evaluate the influence of age, age groups were 
made for ages 21–39, 40–59, and 60–81 years. Mean thresholds of movements were 
calculated for the whole population of tested subjects, as well as for each age group 
separately. Paired t-tests were performed between all types of translations and between 
all types of rotations, to evaluate possible significant differences between them. 
Scatterplots were made for every movement tested by the platform to visualize the 
relation between perceptual thresholds and age. To further investigate the influence of age 
and gender, multiple regression analyses were performed for mean perceptual thresholds. 
The mean threshold of all movements, the mean threshold of all translations and the mean 
threshold of all rotations were used as dependent variables. Age and gender were used as 
independent variables. P-values below 0.05 were considered significant. Regarding the 
multiple regression analysis, Cooks distances were determined and a multicollinearity test 
was performed, showing no multicollinearity. In order to compare thresholds from 
previous literature (Bermúdez Rey et al., 2016) presented in velocity units (v), with the 
thresholds in this study presented in acceleration units (a), peak velocities were converted 
into peak accelerations by 𝑎𝑝𝑒𝑎𝑘 =  𝑣𝑝𝑒𝑎𝑘 ∗ 𝜋 ∗ 𝑓, where f was the motion frequency. 

Since both studies differed in terms of paradigm (determining thresholds differently, not 
all type of movements the same) and stimulus (different profile shape, duration, and 
frequencies), no statistics were applied to compare both datasets. However, general trends 
in thresholds like relative interrelationship and the influence of age were analyzed 
separately and compared between these studies. 
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Ethical Considerations  

The procedures in this investigation were in accordance with the legislation and 
ethical standards on human experimentation in the Netherlands and in accordance with 
the Declaration of Helsinki (amended version 2013). Approval was obtained from the 
ethical committee of Maastricht University Medical Center (NL52768.068.15/METC). All 
procedures were performed at the Maastricht University Medical Center. All subjects 
provided written informed consent. 

RESULTS 

Perceptual Thresholds for Translations and Influence of Age and Gender  

Thresholds for translations varied widely within and between age groups (Figure 4.2, 
Figure 4.4). Mean thresholds of age groups ranged between 0.092 and 0.221 m/s2 (Table 
4.1). Thresholds of the upward-downward plane were significantly higher than those of the 
forward-backward plane (p = 0.03; Table 4.1). No significant differences were found 
between the other translations. Mean thresholds increased with age group, except for 
leftward and rightward translations. A multiple regression was run to predict the mean 
perceptual threshold of all translations from age and gender [F(2, 52) = 12.48, p < 0.001, R2 
= 0.324]. Age added significantly to the prediction (p<0.001), not gender (p=0.24). 
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Figure 4.2 Normative thresholds for each direction of translation, obtained in 55 healthy 
subjects of different ages. Each dot represents the threshold of one subject for a specific 

translation. Each box plot represents the 25–75 percentiles of thresholds per decade, 
whiskers the 95 percentiles and bold black lines the median. 

Perceptual Thresholds for Rotations and Influence of Age and Gender  

Thresholds for rotations showed less variability within and between age groups than 
thresholds for translations (Figure 4.3, Figure 4.4). Mean thresholds of age groups varied 
between 0.188 and 2.255◦/s2 (Table 4.1). Perceptual thresholds for yaw rotations were 
significantly higher than for pitches and rolls (p = 0.016; Table 4.1). No significant difference 
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was found between the pitches and rolls (p = 0.242). Mean thresholds increased with each 
age group for yaw and pitch rotations, but not for roll rotations. A multiple regression was 
run to predict the mean perceptual threshold of all rotations from age and gender [F(2, 52) 
= 8.644, p < 0.005, R2 = 0.25]. Again, only age added significantly to the prediction (p < 
0.001), not gender (p = 0.297). 
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Figure 4.3 Normative thresholds for each direction of rotation, obtained in 55 healthy 
subjects of different ages. Each dot represents the threshold of one subject for a specific 

rotation. Each box plot represents the 25–75 percentiles of thresholds per decade, 
whiskers the 95 percentiles and bold black lines the median. Note that y-axes are 
optimized for each specific movement. Dots on the x-axis have a value of 0.01◦/s2. 
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Figure 4.4 Normative values of all translations combined and all rotations combined. Bold 
black lines in the boxes represent medians, boxes the 25–75 percentiles, whiskers the 95 
percentiles. Outliers are represented by an open circle, extreme outliers by an asterisk. 

Numbers next to a dot indicate the amount of dots with the same value. 

 

Table 4.1 Mean thresholds for translations and rotations, presented for each age 
group, with standard deviation between brackets. 

  Translations Rotations 

Age 
No of 

subjects 
Forward / 
backward 

Left / right Up / down Yaw Pitch Roll 

All 55 0.12 (0.05) 
0.14 

(0.11) 
0.16 

(0.09) 
1.62 

(1.59) 
0.61 

(0.89) 
0.44 

(0.85) 

20-39 20 0.09 (0.04) 
0.12 

(0.15) 
0.10 

(0.05) 
0.82 

(0.56) 
0.19 

(0.24) 
0.2 

(0.55) 

40-59 13 0.11 (0.04) 
0.11 

(0.06) 
0.15 

(0.07) 
1.79 

(1.67) 
0.52 

(0.52) 
0.81 

(1.42) 

60-81 22 0.14 (0.05) 
0.16 

(0.08) 
0.22 

(0.09) 
2.26 

(1.89) 
1.04 

(1.20) 
0.42 

(0.55) 

 

Comparison of Perceptual Thresholds with Previous Literature  

Figure 4.5 presents the perceptual thresholds for y- and z- translations and yaw and 
roll rotations in this study, compared to those in previous literature (Bermúdez Rey et al., 
2016). Although the absolute thresholds varied between these studies, the relative 
interrelationship of thresholds between movements remained: y-translations and roll 
rotations showed lower mean thresholds than z-translations and yaw-rotations, 
respectively. Thresholds for roll rotations around 0.1Hz in this study were close to those 
previously measured at 0.2Hz. A significant age effect on thresholds was found in both 
studies (Bermúdez Rey et al., 2016). 



A new and faster test to assess vestibular perception 

79 

 

 

Figure 4.5 Mean and 95% confidence intervals of perceptual thresholds for translations 
and rotations in this study (n = 55), compared to those in previous literature (Bermúdez 
Rey et al., 2016) (n = 79). For each mean value, the frequency of the stimulus is given. 

DISCUSSION 

This study was the first step in evaluating a clinically oriented test for vestibular 
perception. Perceptual thresholds in a group of healthy subjects were obtained and 
thresholds significantly increased with increasing age. Gender did not have a significant 
effect. These findings were congruent with a previous study, despite of this study using a 
different testing paradigm and different type of stimulus, and including more directions 
(Bermúdez Rey et al., 2016).  

This testing paradigm differed from more research oriented studies in several ways. 
Firstly, it was devised to be relatively fast and complete, in order to have a test more suited 
for clinical settings. Testing time was substantially reduced from ∼3 h to less than 1 h (45–
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60min). This reduced burden for the patient, costs of testing, and might have improved 
attention of the patient. The latter is particularly relevant, since after a long testing session 
attention is more likely to decrease, resulting in less reproducible and reliable results (van 
de Berg et al., 2015). Testing time was reduced by using fewer motions to determine the 
thresholds. Reliability of thresholds was therefore ensured by adding pitches forward and 
backward to the types of movement, and by randomly presenting all stimuli in the same 
session, without the subject being aware of the type of movement. This reduced the 
possibility of reporting the right threshold by chance. Secondly, this testing paradigm used 
different stimuli than previously reported. It was based on a stimulus with the longest 
possible duration of constant peak acceleration (plateau phase) and varying frequencies, 
instead of a fixed frequency with a sinusoidally shaped acceleration profile. This new profile 
was chosen to have a longer exposition of the subject to the main parameter of the 
stimulus of interest and the main stimulus for the vestibular system: acceleration. 
However, due to the limitations of the platform, the frequency of the stimulus had to differ 
for each acceleration. This is a potential limitation, since frequency-dependency of the 
system is more difficult to evaluate. Next to this, it prevented comparison of the absolute 
thresholds of this study with previously reported ones. After all, the frequency-dependency 
of the vestibular system implies that testing at difference frequencies might yield different 
results (Bermúdez Rey et al., 2016; Grabherr et al., 2008). Nevertheless, this could mainly 
explain the differences between the absolute values of thresholds between the studies. 
Thirdly, in this paradigm continuous interactive communication between the technician 
and the patient was added. In extensive preliminary trials, this strategy was found to be 
superior to using a joystick to indicate thresholds, without any significant communication. 
Communication also improved attention, reduced anxiety (since the patients sat in a dark 
room), and facilitated verification whether the reported thresholds were representative or 
not (e.g., a lack of attention at the moment of testing a certain threshold). If an unreliable 
threshold was suspected, the threshold was determined again. Fourthly, not all skin 
surfaces were covered to reduce somatosensory input as much as possible. Whether 
covering of all skin surfaces has any beneficial effects in this paradigm proposed, should 
still be determined.  

More dispersion was observed in the thresholds for translations, than for rotations, 
pitches, and rolls. This was in accordance with previous literature (Bermúdez Rey et al., 
2016) and could be attributed to a higher contribution of somatosensory input during these 
movements. Regarding the group of translations, thresholds of the vertical plane were 
significantly higher than those of the forward-backward plane. Regarding the group of 
rotations, thresholds for yaw rotations were significantly higher than those for pitches and 
rolls. It could be hypothesized that these two movements were less affected by 
somatosensory input, compared to the other movements in their group. For instance, a 
translation in the vertical plane will cause less activation of the somatosensory system, 
including neck proprioception (Pettorossi & Schieppati, 2014), than translations in other 
planes, since the body remains in line with gravity. Also, a rotation in yaw plane does not 
include any tilt with respect to gravity, in contrast to pitches and rolls. These two 
movements appear therefore to be those that most purely test the thresholds for 
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translations and rotations of the peripheral vestibular system, with the least interference 
of the somatosensory system. 

The contribution of the somatosensory system implies that vestibular perceptual tests 
are not purely testing the vestibular system (peripheral and central), since somatosensory 
cues are also involved in detecting movements. The brain integrates all these different 
inputs. Therefore, the vestibular perceptual thresholds can be considered as a functional 
outcome of the whole system, in which the vestibular system plays a major role (Merfeld 
et al., 2010). This also implies that this test is not specifically designed to detect a peripheral 
or central vestibular deficit, but to demonstrate the vestibular perceptual functionality of 
a patient at a given time. 

Limitations  

Many subjects could still hear some movements of the platform (e.g., translations 
downward) in spite of the masking noise on the headphones. Platform sounds were almost 
the same for each movement. Therefore, the sounds might have indicated that the 
platform was moving, but could not help in distinguishing between direction and type of 
movements (e.g., translations vs. rotations, upwards vs. downwards). Since the thresholds 
of movements were defined by the right type and direction of movements, it was 
hypothesized that sounds might have not significantly influenced the thresholds. However, 
the platform sounds should be taken into consideration when refining this testing 
paradigm.  

Perceptual thresholds significantly increased with increasing age. Since the vestibular 
function of the healthy controls was not measured but only screened with a questionnaire, 
it cannot be determined whether the increasing thresholds with age were mainly 
influenced by age, or other factors. For example, age- related decline in vestibular function 
(presbyvestibulopathy) as well as clinically asymptomatic vestibulopathies could account 
for the decline of vestibular perception. This needs to be determined in future studies. 

Future  

Next step is to investigate this testing paradigm in patients with unilateral and 
bilateral vestibulopathy. If this succeeds, it might pave the way for routinely measuring 
vestibular function “beyond reflexes.” It might be used in clinic, in which it should be noted 
that this test is relatively expensive regarding time and equipment, compared to other 
vestibular tests. Therefore, it is hypothesized that it will probably first be suited for tertiary 
referral centers that have the resources and interest to investigate vestibular perceptual 
threshold deficits in patients (regardless of the etiology), or to use it to demonstrate 
perceptual changes after rehabilitation. It could also be used in research settings to e.g., 
evaluate the effect on perceptual thresholds of future therapies, for example the vestibular 
implant (Fornos et al., 2014; Guinand et al., 2015, 2016; van de Berg et al., 2015, 2017). For 
the latter, it should be noted again that vestibular perception is the end-result of detection 
and processing of movements by the whole vestibular system (see above): peripheral and 
central. This process is susceptible to multisensory integration and many other factors (e.g., 
adaptation, compensation, and cognition) (Ferrè et al., 2015). Therefore, vestibular 
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perception should be used in the future as an outcome measure by itself, and not purely 
as a marker of vestibulopathy. 

CONCLUSION 

This new and faster test for vestibular perception showed comparable patterns in 
perceptual thresholds when compared to more research oriented, lengthy tests. This might 
pave the way for establishing vestibular perception testing protocols useful for the clinic. 

ETHICS STATEMENT 

The procedures in this investigation were in accordance with the legislation and 
ethical standards on human experimentation in the Netherlands and in accordance with 
the Declaration of Helsinki (amended version 2013). Approval was obtained from the 
ethical committee of Maastricht University Medical Center (NL52768.068.15/METC). All 
procedures were performed at the Maastricht University Medical Center. All subjects 
provided written informed consent. 
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ABSTRACT 

Background/Objective: Different testing paradigms have been proposed to 
investigate perceptual self-motion thresholds. They can differ regarding the amount of 
possible motions that patients have to choose from. Objective of this study was to compare 
the two-option paradigm and twelve-option paradigm, in order to investigate whether 
reducing the choice options significantly influences the reported thresholds of self-motion 
perception of healthy subjects.   

Methods: Thirty-three volunteers with no prior vestibular complaints were included 
and sequentially tested with both paradigms at a random sequence. Perceptual self-motion 
thresholds were measured using a hydraulic motion platform in the absence of external 
visual and auditory cues. The platform delivered twelve different movements: six 
translations and six rotations. Each subject had to report the correct type and direction of 
movements. Thresholds were determined by a double confirmation of the lowest 
threshold, in combination with a double rejection of the one-step lower stimulus. 
Perceptual self-motion thresholds of both paradigms were compared using the mixed 
model analysis.   

Results: The twelve-option paradigm showed significantly higher reported thresholds 
for yaw rotations and translations left, right and down (p < 0.001), compared to the two-
option paradigm. No statistical difference was found for rolls and translations up. No 
significant gender effect, learning effect and carry-over effect were present in any of the 
applied motion directions. 

Conclusion: Reported thresholds of self-motion perception of healthy subjects are 
influenced by the testing paradigm. The twelve-option paradigm showed significantly 
higher thresholds than the two-option paradigm. Results obtained with each testing 
paradigm should therefore be compared to paradigm-specific normative data. 
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INTRODUCTION 

The vestibular organ consists of three semi-circular canals and two otolith organs. The 
semi-circular canals detect angular accelerations, while the otolith organs mainly detect 
linear accelerations and head tilt. Besides these motion cues from the vestibular organ, the 
brain also receives visual, somatosensory and auditory information and combines these 
inputs to maintain posture, gaze stabilisation and spatial orientation (Mast et al., 2014; 
Okumura et al., 2015; Soyka et al., 2015).  

The clinically mostly used vestibular function tests investigate the vestibulo-ocular 
reflex and the vestibulo-collic reflex. There is not one standard diagnostic test for analysing 
the vestibular function, as the clinically applied tests are complementary to each other, and 
one test cannot replace another. All tests need to be executed and interpreted by a well 
trained professional (Halmagyi et al., 2017; van de Berg et al., 2018). However, about one 
third of the patients with complaints of dizziness and/or imbalance have normal vestibular 
test results. This suggests that either some vestibular disorders may not involve the 
vestibulo-ocular reflex, and/or the standard diagnostic tests available are not applicable to 
all vestibular complaints. Therefore, there seems to be a need for a clinical test that 
measures beyond vestibular reflexes (Merfeld et al., 2010).  

A relatively new method for assessing (part of) the vestibular function is determining 
perceptual self-motion thresholds (Dupuits et al., 2019). For this, the subject has to take 
place at a motion platform or sled that is able to move in different directions, with different 
accelerations. After every motion, it is checked whether the subject perceived the 
movement correctly. The perceptual thresholds can be determined by changing the 
acceleration and direction of the platform, according to the response of the subject. The 
threshold for each direction is determined by the lowest acceleration that can still be 
correctly perceived by the subject. Exclusion of the other somatosensory cues (vision, sense 
of hearing, sense of touch) is preferred, as they support the vestibular system in its spatial 
orientation. However, this is not totally possible, especially for somatosensory input 
(Dupuits et al., 2019; Grabherr et al., 2008). This therefore implies that mainly perceptual 
self-motion thresholds are tested, and not “pure” vestibular perceptual thresholds. 

The advantage of testing perceptual self-motion thresholds could be that it does not 
depend on vestibular reflexes. Since different sensory mechanisms, other than reflex 
pathways, might be responsible for the perceptual responses (Merfeld et al., 2005; Nouri 
& Karmali, 2018; Tarnutzer et al., 2009), testing perceptual self-motion thresholds could be 
complementary to the other clinical tests (Kobel et al., 2021). Next to this, future 
development of a self-motion ‘vestibulogram’, might be a useful tool in the diagnostic 
work-up of vestibular disorders in clinic. This vestibulogram, adjusted to gender, age and 
current diseases, shows perceptual thresholds (in acceleration units) as a function of 
frequency, similar to the concept of an audiogram where the auditory thresholds (in 
decibel units) are shown as a function of frequency (Grabherr et al., 2008; Merfeld et al., 
2010).  

In literature, different methods are used to determine the perceptual self-motion 
thresholds. They mainly differ regarding 1) the type of platform or sled, 2) the type and 
amount of directions tested, 3) the stimulus profile, 4) testing time, and 5) paradigm for 
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determining the thresholds. Regarding this latter, subjects can have either a two- or plural-
option paradigm. In other words, subjects are or are not informed about the possible 
motion directions before each test. The amount of possible motions can be either two or 
more. The effect of cognition, knowing the amount of available options beforehand, may 
influence the sensitivity of the perceptual thresholds (Bermúdez Rey et al., 2016; Grabherr 
et al., 2008; Janssen et al., 2011; Keywan et al., 2018; Kingma, 2005; Priesol et al., 2014). 
Next to this, the chance of guessing the correct movement might increase with fewer 
choice options. 

Objective of this study was therefore to compare two previously described paradigms 
(Bermúdez Rey et al., 2016; Dupuits et al., 2019) for determining thresholds of self-motion 
perception (twelve-option versus two-option paradigm), in order to investigate whether 
reducing the choice options significantly influences the reported thresholds of healthy 
subjects, obtained with a more clinically oriented test (Dupuits et al., 2019).   

METHODS 

Study design 

A more clinically oriented test for self-motion perception was used. This was 
previously described (Dupuits et al., 2019), and will be discussed more in detail below. 
Regarding testing paradigm, two different paradigms for determining perceptual self-
motion thresholds were tested: 1) twelve-option paradigm, and 2) two-option paradigm. 
Each subject underwent two trials: one with the twelve-option paradigm and one with the 
two-option paradigm. In between the trials, a short break was scheduled of about 15 
minutes. Randomization was applied (using https://www.randomizer.org) across and 
within the paradigms, i.e. subjects were randomized into two nearly equal groups that 
started with either the twelve or the two-option paradigm, and the sequence of motion 
types provided in each paradigm was randomized as well. All tests were conducted by the 
same technician (NR). Perceptual thresholds were measured in acceleration units (m/s2 for 
translations, and deg/s2 for rotations).  

Setting 

This study was conducted at Maastricht University Medical Center. Subjects were recruited 
at the university and hospital by addressing people personally and by distributing flyers.  

Subjects 

Thirty-three healthy individuals (14 males and 19 females, age 22 to 72 years) 
participated in this study. In order to be included, they had to be able to climb three stairs 
to the platform and sit on the platform for at least one hour and a half. Exclusion criteria 
comprised: vestibular and/or hearing complaints, headaches fitting the diagnostic criteria 
of migraine (Lempert et al., 2012; Lewis et al., 2011), the use of antidepressants for anxiety 
or depression, and the use of other vestibulosuppressants like sleeping pills. All subjects 
completed a short questionnaire on beforehand, that was used to collect personal data 
(age and gender) and to screen for exclusion criteria.  

https://www.randomizer.org/
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Perception platform 

A hydraulic CAREN platform (Motek Medical BV, Amsterdam, The Netherlands) with 
D-flow 3.22.0 software was used for this study. The platform was programmed to move in 
twelve directions: six translations (up, down, left, right, forward, backward) and six 
rotations (yaw left, yaw right, roll left, roll right, pitch forward and pitch backward).  

Preparations 

Subjects had to take place on a chair on the platform and were strapped with two 
seatbelts. In order to exclude visual cues, testing was performed in a dark room and 
subjects were blindfolded. A headphone was used to mask the sounds of the moving 
platform by playing earlier recorded platform sounds. This headphone was also used by the 
examiner to communicate with the subjects, in order to keep their attention during the 
test. Next to this, an infrared camera made it possible to observe the subjects during the 
test. The head of the subject was intentionally not fixed during the test, since the chosen 
study design aimed at mimicking a relatively natural situation of whole-body motion, in 
which only visual and auditory feedback were prevented as much as possible. 

TESTING PARADIGMS 

Twelve-option paradigm 

Seventeen subjects started with the twelve-option paradigm. Thresholds were 
determined during the same testing trial for all twelve motion directions possible (twelve-
alternative). All subjects were informed about the total amount of motion types that were 
applied within this paradigm. The motion directions were randomly chosen by the 
examiner and started at the highest possible acceleration: 0.4 m/s2 for translations and 40 
deg/s2 for rotations. After each motion the subject was asked to report both the type and 
direction of motion. In case of a correct answer, the stimulus was decreased with 0.03 m/s2 
or 3 deg/s2. If the subject could not indicate the correct direction, the acceleration was 
increased by 0.03 m/s2 or 3 deg/s2.  

Two-option paradigm 

Sixteen subjects started with the two-option paradigm. This method was based on a 
two alternative choice paradigm. Before each motion subjects were informed about the 
type of motion including two options, for example “translation up or down” or “yaw left or 
right”. Therefore, subjects only had to report the direction of motion, instead of reporting 
the type of motion as well. Thresholds of four types of motions were determined: 
translations left and right, translations up and down, yaw left and right, and roll left and 
right (Bermúdez Rey et al., 2016). All other elements of this paradigm were similar to the 
twelve-option paradigm.  

Thresholds 

Perceptual thresholds can be found by investigating a psychometric function, in which 
the relation between stimulus magnitude and level of correct answers are expressed. 
Thresholds are then often determined by finding the stimulus magnitude at which a 
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performance level (e.g. 50% correct answers) is reached (Klein, 2001). However, 
constructing the psychometric function was not the objective of this study. After all, 
investigating the psychometric function takes considerable time and this study involved a 
more clinically oriented test. It was therefore chosen to determine perceptual self-motion 
thresholds by a double confirmation of the lowest threshold in combination with an double 
incorrect response at the acceleration one step below the threshold (Dupuits et al., 2019). 
Furthermore, this study aimed at determining the reported self-motion perception 
thresholds as an “end result” of all variables involved (including sensitivity of the subject, 
contribution of the somatosensory system, amount of choice options etc.). Taking all these 
factors into account, the reported thresholds reflected the ability of self-motion perception 
as a result of all variables involved, not the vestibular perceptual threshold as a 
psychometric parameter. 

Stimulus profile 

The applied motion stimulus profile was previously described (Dupuits et al., 2019). 
For short, the platform motion profile was developed to provide the desired linear or 
rotational acceleration as long as possible. Every motion comprised an acceleration and 
deceleration of equal duration. The rise and decay of the acceleration followed a sinusoidal 
profile, in order to smoothly reach the selected magnitude (Figure 5.1). Due to platform 
limitations, frequency and duration of stimulus, but not displacement amplitude, varied for 
each separate motion stimulus. In between tested movements, the platform moved into 
its new position using subthreshold movements.  

 

Figure 5.1 Motion profile used. The stimulus profile was composed of subsequent sine and 
constant functions. The units of measurement were either (m/s2, m/s, m) or (deg/s2, 

deg/s, deg) depending on the movement type: translational or rotational respectively. 
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Data analysis 

R v.3.5.2 was used to compare both paradigms. A linear mixed model analysis was 
performed for each motion direction to investigate gender effect, learning effect, paradigm 
effect and carry-over effect. The learning effect was evaluated to check whether repeated 
measurements (first trial versus second trial) influenced the perceptual self-motion 
thresholds, independent of the paradigm used. The paradigm effect was investigated to 
check any influence of the tested paradigm (twelve-option versus two-option) on the 
perceptual self-motion thresholds. The carry-over effect was related to the influence of the 
variable “trial” on “paradigm” regarding the perceptual self-motion thresholds. Therefore, 
gender, trial number (first or second), paradigm (twelve- or two-option), and trial-paradigm 
interaction were applied as fixed factors, while the participant number was applied as a 
random factor. The threshold per motion direction was considered the dependent variable 
in the mixed model. Following the top-down procedure, the trial-paradigm interaction was 
tested first, followed by the factors gender and trial. They were not significant and 
therefore excluded from the mixed model. Since translations forwards-backwards and 
pitch forwards-backwards were not tested in the two-option paradigm (as in previous 
literature (Bermúdez Rey et al., 2016)), and thresholds of rolls could not reliably be 
determined due to physical limitations of the platform (see Results), outcomes of six 
directions were compared using the mixed model. These motions involved translations left 
and right, translations up and down, and yaw left and right. The significance of fixed effects 
was investigated using Type III tests ANOVA. The Bonferroni correction (n=6) for multiple 
comparisons was applied to the significance level alpha=0.05.  

Ethical considerations 

This study was in accordance with the legislation and ethical standards on human 
experimentation in the Netherlands as well as with the Declaration of Helsinki (2013). The 
study design was approved by the ethical committee of Maastricht University Medical 
Centre (NL52768.068.15/METC). All subjects provided written informed consent before 
starting the first test.  

RESULTS  

All measured perceptual self-motion thresholds are shown in the Table 5.1 as 
mean±SD. Figure 5.2 presents the comparison of perceptual self-motion thresholds 
between the twelve-option paradigm and the two-option paradigm. The twelve-option 
paradigm showed significantly higher perceptual self-motion thresholds than the two-
option paradigm (p<0.001), except for translations up, and rolls left and right. Regarding 
translations up, thresholds of the twelve-option paradigm were higher, but not significant. 
During rolls left and right, the lowest measurable thresholds (0.1 deg/s2) were obtained in 
nearly all subjects. Due to physical limitations of the platform, lower accelerations in these 
planes could not be provided for these types of movements and therefore these thresholds 
were considered as “not determined”. Reported thresholds of self-motion perception did 
not differ significantly between male and female subjects and no significant learning effect 
and carry-over effect were present in any of the applied motion directions. 
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Figure 5.2 Reported thresholds of self-motion perception of translations (A) and rotations 
(B), tested with the twelve option-paradigm (red) and two-option paradigm (blue). Boxes 
represent the interquartile ranges, bold black horizontal lines the medians, and upper and 

lower whiskers the extreme lines. Outliers are represented by black dots. 

Table 5.1 Mean reported thresholds of self-motion perception (±SD) presented for 
translations and rotations for both tested paradigms. ND – the threshold value could not 

be determined. 

 
Paradigm Units 

12-option 2-option 

Translation Left 0.08 (0.05) 0.04 (0.04) 

m/s2 

Translation Right 0.10 (0.06) 0.04 (0.04) 

Translation Up 0.14 (0.10) 0.11 (0.14) 

Translation Down 0.11 (0.11) 0.03 (0.04) 

Translation Forward 0.11 (0.06) - 

Translation Backward 0.11 (0.07) - 

Yaw Left 1.51 (1.75) 0.34 (0.30) 

deg/s2 

Yaw Right 1.04 (1.20) 0.24 (0.24) 

Roll Left ND ND 

Roll Right ND ND 

Pitch Forward 0.31 (0.86) - 

Pitch Backward 0.21 (0.36) - 
 

DISCUSSION 

This study investigated the reported self-motion perception thresholds of healthy 
volunteers, when using two different testing paradigms: the two-option and twelve-option 
paradigm. The reported self-motion perception thresholds were measured with a more 
clinically oriented test, in which only visual and auditory feedback were prevented as much 
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as possible, and in which thresholds were determined as a double confirmation of the 
lowest threshold in combination with an double incorrect response at the acceleration one 
step below the threshold. This implies that the obtained thresholds reflected the “end 
result” of many contributing factors (e.g. vestibular system, somatosensory system, etc.), 
and not the “pure vestibular threshold” as a psychophysical parameter. 

The obtained values of the reported thresholds were compared among testing 
paradigms. The study showed that reported thresholds of healthy subjects are influenced 
by the testing paradigm. After all, reported thresholds of the twelve-option paradigm were 
(mostly) significantly higher than those determined by the two-option choice paradigm. No 
carry-over nor learning effect was present in any of the applied motion directions. This 
implies that results obtained with each testing paradigm should therefore be compared to 
paradigm-specific normative data. 

The difference in reported thresholds might be explained by two factors. Firstly, the 
chance of guessing the correction motion direction was higher in the two-option paradigm 
than in the twelve-option paradigm. This could have decreased the thresholds in the two-
option paradigm. No correction for guessing was applied in this study, since the amount of 
tested stimuli depended on the amount of correct answers, and therefore varied highly 
between subjects. Secondly, the pre-knowledge of the type of motion in the two-option 
paradigm could have positively influenced the subjects perception of motion (i.e. the 
subject was specifically focussed on a certain motion plane during the test). This might have 
also lowered the thresholds in the two-option paradigm. However, whether the sensitivity 
for motion stimuli of the healthy subjects truly differed between testing paradigms, can 
only be determined by constructing a psychometric function for both testing paradigms 
(see “Methods”) (Merfeld, 2011). However, this was beyond the scope of this article. This 
study showed that paradigm-specific normative data should be used to interpret results 
obtained within a subject.  

The roll left and roll right threshold values could not be determined due to physical 
limitations of the motion platform: the platform could not provide lower accelerations than 
already perceived by the subjects. These low magnitudes of roll thresholds could be 
explained by the fact that the somatosensory system might play a more prominent role in 
rolls, than in the other motions (Dupuits et al., 2019). 

Regarding translations up, it was noted during testing that many subjects had 
difficulty in recognizing upward motions. This was reflected in the highest overall mean of 
perceptual self-motion thresholds. Whether this might have influenced the non-significant 
difference between testing paradigms, cannot be determined with certainty. 

Implications for future research 

Type of testing paradigm influences the reported thresholds of self-motion 
perception. Studies regarding this matter should therefore not be compared to each other, 
without taking these differences into account. Next to this, performance was variable 
between subjects. An association between increasing reported thresholds and age was 
already described using this clinically oriented test and a more research oriented test  
(Bermúdez Rey et al., 2016; Dupuits et al., 2019). This variability might lead to the question 
whether the vestibular organ is really that direction sensitive for perception, or whether it 
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mainly has a signaling function, whereas other sensory systems (e.g. visual, propriocepsis) 
are mainly used to determine the direction of motion. After all, divers under water in dark 
and subjects buried alive in an avalanche, have difficulties orienting themselves although 
gravity is still detected by the vestibular organs (Kingma & van de Berg, 2016). This signaling 
function at least implies that there will probably be another perceptual self-motion 
threshold: the threshold of perceiving motion itself, without being able to detect the right 
direction of motion. This might be explored in future research. 

Implications for clinic 

The more clinically oriented approach used in this paper, can pave the way for a 
relatively simple and faster way to assess perceptual self-motion thresholds in clinic, using 
normative data. Within this context, it should be noted that the twelve-option paradigm 
takes about 45-60 minutes, while the two-option paradigm takes about 30-45 minutes. This 
could be an important detail for clinical practice. 

The motion platform used in this study is relatively expensive. This might hinder 
implementation in daily routine clinical practice. It could therefore be considered to use a 
less-expensive motorized rotatory chair (Seemungal et al., 2004). A rotatory chair might be 
able to provide a broader range of velocities, but it provides less movements: only yaw 
rotations. However, the clinical value of testing additional movement types is not yet fully 
determined. 

Limitations of the study 

Although all subjects wore headphones with a masking background sound, some 
subjects could still hear the sounds of the platform during the tests at high accelerations 
(Dupuits et al., 2019). However, the sounds did not provide any information about motion 
direction and were present only in the range of accelerations that were much higher than 
threshold values. Therefore, these audible sounds could not have influenced the measured 
outcome. Secondly, some subjects below 50 years old could still feel the subthreshold 
movements of the platform that were used to get the platform into a new testing position. 
For future testing, parameters of these subthreshold movements can be lowered to such 
an extent that subjects will less likely to be able to feel them. Thirdly, vestibular reflexes 
were not evaluated in the study population. Subjects were selected based on the absence 
of the vestibular complaints and vestibular deficits. This most likely would not have 
hindered the objective of the study, since patients served as their own controls. 

CONCLUSION 

Reported thresholds of self-motion perception of healthy subjects are influenced by 
the testing paradigm. The twelve-option paradigm showed significantly higher reported 
thresholds than the two-option paradigm. Results obtained with each testing paradigm 
should therefore be compared to paradigm-specific normative data. 

 
Conflicts of interest All authors declare that they have no conflict of interest. 
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ABSTRACT 

Objective: to conduct precise measurements and analyze the geometric parameters 
of the rat vestibular organ based on high-resolution micro-CT images. 

Methods: images of the rat vestibular organ were obtained using micro-CT with a 
resolution of 4 micrometers. The images were reconstructed in 3D, segmented, and 
transformed into a 3D model to obtain geometric dimensions and calculate the dynamic 
characteristics of vestibular angular acceleration sensors.  

Results: geometric parameters of rat semicircular canals and ampullae were 
determined and compared with human data. Dynamic characteristics of rat semicircular 
canals were calculated. 

Conclusion: It was shown that most of the geometric parameters of the rat vestibular 
labyrinth are similar to the human data available. The achieved accuracy of measurements 
of geometric parameters and an obtained thorough anatomic structure of the rat inner ear 
implies the possibility to conduct experimental studies and simulations to investigate the 
physiological properties of the vestibular labyrinth. 
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INTRODUCTION 

The vestibular system is a sensory system responsible for maintaining the balance, 
orientation in space and gaze stabilization (Kingma & van de Berg, 2016). The vestibular 
system, also called a labyrinth, is a part of the inner ear located in the left and right 
temporal bones. It is a multicomponent heterogeneous medium with a complex anatomical 
and chemical composition, significantly different physical characteristics, including 
electrical conductive and dielectric properties (Demkin et al., 2018; Demkin, Melnichuk, 
Shchetinin, et al., 2019). 

Last decade the first vestibular prosthesis that restores the absent vestibular function 
via the electrical stimulation of the semicircular canal (SCC) ampullae was successfully 
implanted in human (Pelizzone et al., 2014). This was possible due to a number of 
experimental studies on stimulation of the vestibular afferents performed in animals 
(Merfeld & Lewis, 2012). In order to enhance the credibility of the models, experimental 
studies on electroconductivity were performed in guinea pigs and rats (Demkin et al., 2018, 
2020a). Both the most advanced 3D finite element models (FEM) and electroconductivity 
experiments require a known geometrical model for simulations and data validation. 
Moreover, existing models of the vestibular system are different in their complexity and 
limitations (Momani & Cardullo, 2018). For instance, the FEM models are supposed to be 
highly sensitive to the initial data including the dimensions of the vestibular organ, the 
variance of which (Curthoys et al., 1977; Das et al., 2014; Shinomori et al., 2001) will lead 
to simulation errors. Therefore, the precise geometry is crucial in the 3D FEM of the 
vestibular organ that is used to optimize the electrical stimulation by the vestibular implant 
(Handler et al., 2017; Hayden et al., 2011; Marianelli et al., 2015).  

Among non-invasive and non-destructive methods, microCT is one of the most 
popular (“Micro-Computed Tomogr. Med. Eng.,” 2020). It is a widely used technique that 
is mainly able to visualize dense substances like a bone. The existing microCT devices 
produce images with a high resolution that can reach the value of 1 um. Therefore, this 
technique is useful for obtaining a very detailed 3-dimensional model of the inner ear. 

This study aims to construct 3D models of the guinea pig and rat inner ear based on 
high resolution microCT images, and to measure the dimensions of the semicircular canals. 

MATERIALS AND METHODS 

All procedures performed in studies involving animals were in accordance with the 
ethical standards of the institution at which the studies were conducted and ethical 
approval was obtained from the Bioethics Committee of the Institute of Biology at Tomsk 
State University, registration No34, minute No18 dated December 2, 2019. 

In this study, a single periotic bone of a rat (Rattus) weighing 342 grams and a single 
periotic bone of a guinea pig weighing 947 grams were used. Before the study, the animals 
were kept in standard vivarium conditions with water and food ad libitum. All procedures 
were performed following the European Convention for the Protection of Vertebrate 
Animals.  

The animals were decapitated under ether anesthesia to conduct micro-CT. Soft 
tissues of the periotic region and craniotomy were removed due to the limited volume of 
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the measuring chamber of the tomograph. The bones of the tympanic cavity and the 
periotic capsule were removed with the preserved native structure of the 
vestibulocochlear nerve leaving this capsule through the internal auditory opening. The 
samples were not fixed. The studies were carried out on fresh tissue samples not later than 
an hour after decapitation. The micro-CT Skyscan1172 (Bruker Corporation, USA) was used 
to obtain images of the bone labyrinth. An average voltage of 80 kV and a current of 124 
μA were used for scanning with an aluminum filter 0.5 mm thick. The pixel size before 
reconstruction was equal to 4 μm, and the exposure time was set at 1.23 seconds. After 
reconstruction, the pixel size was 32 micrometers.  

On the reconstructed sections, the bony labyrinth was clearly visible as a network of 
connected tunnels in the periotic bone (Figure 6.1). The reconstructed into 3D images were 
imported into 3D Slicer 4.11 (Fedorov et al., 2012) for the bony labyrinth segmentation. 
The segmentation was carried out manually; the resulting segments were assembled into 
a 3D model. Processing of 3D models included anti-aliasing to eliminate small inaccuracies 
made as a result of manual segmentation.  

 

Figure 6.1 The microCT image of the rat temporal bone. Bone is visible as a light region, 
soft tissues and cavities are visible as dark regions. 

All measurements were carried out manually on a 3D-model using free software 3D 
Slicer 4.11. The shape of the lateral (LSSC), anterior (ASSC), and posterior (PSSC) 
semicircular canals of the rat, the cross-section of the canal, and the ampulla were 
approximated by an ellipse (Curthoys & Oman, 1987). Thus, the length of minor (𝐴) and 
major (𝐵) axes was measured for each semicircular canal, semicircular canal cross-section, 
and ampulla (Figure 6.2). Semicircular canal cross-section was measured at the beginning 
(close to the ampulla), in the middle, and at the end (far from the ampulla) of each canal 
(Figure 6.3). Ampulla dimensions were measured as dimensions perpendicular to the canal 
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plane. Each measurement was repeated 5 times, then the mean value and the standard 
deviations were calculated. 

 

Figure 6.2 3D-geometric model of the rat inner ear. A – measuring the LSCC canal 
dimensions; B – measuring the LSCC ampulla dimensions; C – measuring the LSCC cross-

section dimensions.  

 

Figure 6.3 The location of the semicircular canal cross-section measurements. A - anterior, 
B – lateral, C – posterior semicircular canal. 

RESULTS 

The 3D models of the inner ear of guinea pig and rat were constructed (Figure 6.4) 
and selected structures of the inner ear were measured. Apparently, the bony labyrinths 
of the guinea pig and rat are of the comparable size, despite the guinea pig labyrinth is 
slightly bigger.  
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The measured dimensions of SCC, ampullae are shown in Table 6.1, the SCC cross-
section dimensions are given in Table 6.2. The standard deviations in each measurement 
did not exceed 30 um. The ampulla dimensions in the guinea pig are 0.1-0.3 mm bigger 
than in the rat, whereas the cross-sections are only 0.05 mm bigger. The canal cross-section 
become thinner in the middle both in rat and guinea pig. Among other semicircular canals 
the maximal cross-section area is observed for the LSSC in the rat as well as in the guinea 
pig.  

 

Figure 6.4 3D geometry models of the guinea pig and rat bony labyrinths obtained from 
segmentation of the microCT images in three different projections. 
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Table 6.1 Dimensions of the ampullae and semicircular canals in the rat 
and guinea pig: length of the major (𝐵) and minor (𝐴) axes (mean ± standard 
deviation). LSCC, ASCC, PSCC – are lateral, anterior and posterior semicircular 

canals respectively. Units: mm. 

  Rat Guinea pig 

Canal Parameter Ampulla Canal Ampulla Canal 

LSCC 
𝑨 0.64±0.01 1.76±0.03 0.71±0.03 1.48±0.02 

𝑩 0.64±0.01 1.83±0.03 0.75±0.01 2.48±0.01 

ASCC 
𝑨 0.69±0.01 1.75±0.02 0.72±0.02 2.14±0.01 

𝑩 0.74±0.01 2.51±0.02 0.73±0.01 2.67±0.02 

PSCC 
𝑨 0.63±0.01 1.57±0.01 0.73±0.01 1.96±0.01 

𝑩 0.74±0.01 1.83±0.02 0.98±0.02 2.16±0.01 

 

Table 6.2 Dimensions of the SCC cross-sections in the rat and guinea pig 
measured at the beginning (next to ampulla), in the middle, and at the end 
(far from ampulla) of each SCC: length of the major (𝐵) and minor (𝐴) axes 
(mean ± standard deviation). LSCC, ASCC, PSCC – are lateral, anterior and 

posterior semicircular canals respectively. Units: mm. 

  Rat Guinea pig 

  Start Middle End Start Middle End 

LS
C

C
 𝑨 

0.24±0.0
1 0.21±0.0

1 

0.19±0.0
1 

0.40±0.0
1 0.21±0.0

1 

0.36±0.0
1 

𝑩 
0.23±0.0
1 

0.22±0.0
1 

0.23±0.0
1 

0.25±0.0
1 

0.26±0.0
1 

0.23±0.0
1 

A
SC

C
 𝑨 

0.21±0.0
1 

0.17±0.0
1 

0.21±0.0
1 

0.19±0.0
1 

0.2±0.01 
0.31±0.0
1 

𝑩 
0.23±0.0
1 

0.18±0.0
1 

0.22±0.0
1 

0.24±0.0
1 

0.23±0.0
1 

0.30±0.0
1 

P
SC

C
 𝑨 
0.23±0.0
1 

0.16±0.0
1 

0.24±0.0
1 

0.25±0.0
1 

0.22±0.0
1 

0.28±0.0
1 

𝑩 
0.23±0.0
1 

0.2±0.01 
0.22±0.0
1 

0.19±0.0
1 

0.25±0.0
1 

0.32±0.0
1 
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DISCUSSION 

The 3D geometry models of the bony labyrinth of the rat and guinea pig were 
constructed based on microCT images. It was shown that the bony labyrinths of the 
guinea pig and rat are comparable to each other despite the guinea pig labyrinth is 
slightly bigger. The human labyrinth is apparently bigger compared with the animals 
under study (Cox & Jeffery, 2010). 

In all measurements the standard deviation did not exceed 30 um, whereas the 
measurement tolerance calculated as 95% confidence interval was at the order of 10 
um already at 5 measurements done. The systematic error propagated from the 
resolution of the reconstructed microCT image was equal to 30 um, that ultimately 
defined the overall measurement accuracy. Using advanced reconstruction 
techniques allows to get the resolution up to 1 um (Glueckert et al., 2018; Metscher, 
2009) which will increase the accuracy even more. 

The dimensions of canal cross-sections and ampullae of the guinea pig and rat 
are similar but not identical to the data presented in (Curthoys & Oman, 1987), since 
the choice of the measurement spot would play a significant role in the outcome. 
This is related to the non-uniform thickness of the canal along its length. On top of 
that, this study investigated only one single sample unlike (Curthoys & Oman, 1987), 
where intersubject variations can be significant.  

The measured dimensions of the animal inner ears will help to design the 
experimental studies in the electroconductivity properties. The obtained cross-
sectional values of canals in laboratory animals imply that the electrode cannot be 
inserted via the canal (van de Berg et al., 2012) like during the vestibular 
implantation procedure, but should be directly placed in the ampulla to perform the 
measurements. Firstly, it means that the electrode contact tip should not exceed 0.6 
mm in diameter for the rat and 0.7 mm for guinea pig to fit in the ampulla. Secondly, 
different surgical approaches to reach the ampulla in human (van de Berg et al., 
2012) and in laboratory animals (Demkin et al., 2018, 2020b; Demkin, Melnichuk, 
Svetlik, et al., 2019) might lead to the different electroconductivity outcomes due to: 
1) (partial) ampulla destruction in the case of animal models; and 2) the presence of 
the electrode in the canal space blocking one path of current spread in human. 

Eventually, the obtained morphological similarities of semicircular canals show 
that using the rat and/or guinea pig for experimental and modeling studies of the 
vestibular system can contribute to the vestibular implant studies (Hayden et al., 
2011). 

This circumstance should be taken into account when designing prosthetics of 
the vestibular apparatus and placing electrodes in ampullae, because the transfer 
function of the vestibular implant depends on the configuration of the vestibular 
organ and location of the stimulating electrodes (Demkin, Melnichuk, Svetlik, et al., 
2019). 
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CONCLUSION 

It was shown that the geometric dimensions of the vestibular organs of the rat 
and guinea pig do not have significant differences that could change the physiology 
of vestibular functions, nevertheless the guinea pig labyrinth is slightly bigger which 
makes access for implantation easier. The obtained images and 3D models can serve 
as a basis for 1) designing the surgical approach in animals for electroconductivity 
experiments; 2) designing the electrodes that would fit in the animal ampullae during 
electroconductivity experiments; and 3) further finite element modeling. 
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ABSTRACT 

Objective. Several lumped and distributed parameter models of the inner ear 
have been proposed to improve vestibular implant stimulation. The models should 
account for all significant physical phenomena that influence the current 
propagation, such as the electrical double layer (EDL) and medium polarization. The 
electrical properties of the medium are reflected in the electrical impedance; 
therefore, the study aimed to measure the impedance in the guinea pig inner ear 
and construct its equivalent circuit. 

Approach. The electrical impedance was measured from 100 Hz to 50 kHz 
between a pair of platinum electrodes immersed in 0.9% NaCl saline solution using 
sinusoidal voltage signals. The Randles circuit was fitted to the measured impedance 
in the saline solution in order to estimate the EDL parameters (𝐶, 𝑊, 𝑎𝑛𝑑 𝑅𝑐𝑡) of the 
electrode interface in saline. Then, the electrical impedance was measured between 
all combinations of the electrodes located in the semicircular canal ampullae and the 
vestibular nerve in the guinea pig in vitro. The extended Randles circuit considering 
the medium polarization (𝑅𝑖, 𝑅𝑒 , 𝐶𝑚) together with EDL parameters (𝐶, 𝑅𝑐𝑡) obtained 
from the saline solution was fitted to the measured impedance of the guinea pig 
inner ear. The Warburg element was assumed negligible and was not considered in 
the guinea pig model. 

Main results. For the set-up used, the obtained EDL parameters were: 𝐶 =
27.09 ∗ 10−8𝐹, 𝑅𝑐𝑡 = 18.75 𝑘𝛺. The average values of intra-, extracellular 
resistances, and membrane capacitance were 𝑅𝑖 = 4.74 𝑘𝛺, 𝑅𝑒 = 45.05 𝑘𝛺, 𝐶𝑚 =
9.69 ∗ 10−8 𝐹, respectively. 

Significance. The obtained values of the model parameters can serve as a good 
estimation of the EDL for modelling work. The EDL, together with medium 
polarization, plays a significant role in the electrical impedance of the guinea pig 
inner ear, therefore, they should be considered in electrical conductivity models to 
increase the credibility of the simulations. 
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INTRODUCTION 

The vestibular system – also called the vestibular labyrinth – is a pair of balance 
organs located in the left and right temporal bones. Each vestibular organ consists 
of three semicircular canals (SCCs) that detect head angular acceleration and two 
otolith organs that detect head linear acceleration, including gravity. Head motion 
information obtained by the vestibular organs is then transferred via nerves to the 
brain and used to stabilize gaze, facilitate orientation in space, and maintain balance 
(Kingma & van de Berg, 2016). For some reasons, the vestibular function can be 
decreased or completely lost (Lucieer et al., 2016), which significantly worsens the 
quality of patients’ lives and brings a considerable economic burden (Sun et al., 
2014). 

Research groups have shown that vestibular function in a population with 
severe bilateral vestibular loss can be partially restored using an investigational 
vestibular prosthesis – the vestibular implant (VI) (Boutros et al., 2019; Perez Fornos 
et al., 2017). The concept of the VI is to replace the impaired vestibular end-organ 
with an electrical stimulator using a set of gyroscopes. Currently, VIs for the 
semicircular canals consist of three electrode branches, each of which is inserted into 
one SCC with the stimulating contact targeting the center of the ampulla (Seppen et 
al., 2019; van de Berg et al., 2012). Head rotation is measured by gyroscopes and 
processed by the VI. Information about head motion is encoded using modulated 
biphasic charge-balanced square electrical pulses. It is then sent directly into the 
vestibular nerves through the electrodes - one of each electrode pair being located 
in the respective SCC, the other located either nearby (bipolar stimulation) or 
remotely (monopolar stimulation). 

In recent years, several distributed parameter models (Handler et al., 2017; 
Hayden et al., 2012; Marianelli et al., 2015) together with lumped parameter models 
(Demkin et al., 2018, 2020) have been proposed for investigation of the current 
propagation in the tissues of the human and animal inner ear to optimize the VI 
stimulation. The abovementioned distributed parameter models mainly consider the 
interelectrode space to be purely resistive. However, medium polarization (C. 
Gabriel et al., 1996; S. Gabriel et al., 1996) and the electrical double layer (EDL) 
present in the electrode-tissue interface could influence the shape and amplitude of 
the voltage waveform (Grant & Lowery, 2009). In contrast, lumped parameter 
models already include the capacitive effects of biological membranes of the cells 
building up the living tissue. 

The EDL represents a small but highly resistive layer at the electrode surface 
that may influence the current in the range of low frequencies (Cantrell et al., 2008; 
Grant & Lowery, 2009). In a simplified representation, the EDL can be described as a 
capacitor preventing the flow of low frequency components of the stimulus. On the 
other hand, medium polarization (of tissues external to the electrode) can occur at 
different frequencies. For example, the electronic, ionic, and orientational 
polarization is present at frequencies higher than the MHz range (gamma 
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dispersion). In contrast, the polarization of cell membranes and macrostructures can 
arise starting in the range of Hz (alpha dispersion) (Grimnes & Martinsen, 2010; 
SCHWAN, 1957).  

The electrical impedance measurements followed by the equivalent circuit 
fitting approach is widely used in biology studies, including ex vitro measurements 
of isolated animal tissues (Dean et al., 2008), in vivo measurements of plants (Bar-
On et al., 2021), and ex vivo human dental (Herencsar et al., 2020) and cardiac 
(Fischer et al., 2019) tissues. The most accurate physical models used to optimize the 
VI should account for all significant physical phenomena of current transmission in 
the inner ear. Thus, in this study, we performed the following steps: The 0.9% NaCl 
saline solution was chosen to measure the electrical impedance between a pair of 
platinum half exposed ball electrodes of 0.5 mm diameter in a frequency range from 
100 Hz to 50 kHz. Medium polarization was neglected in this case since the saline 
solution does not include any tissue and the chosen frequency range is too low to 
cause gamma dispersion. For this case, the Randles equivalent circuit representing a 
purely resistive medium and the reactive EDL were the features chosen to fit the 
measured impedance. Next, the electrical impedances were measured in the guinea 
pig inner ear between each pair of ampullae and vestibular nerve using the same 
conditions as in the case of saline solution. All measurements were performed at 
room temperature T=298K. Finally, an extended Randles circuit including the 
reactive component of tissue impedance (instead of purely resistive) and the EDL 
parameters identified from saline solution measurements were used to fit the 
measured impedances in the guinea pig.  

The first aim of this study was to determine electrical impedances between a 
pair of electrodes immersed in saline solution to estimate their EDL parameters 
under such conditions from the fitted Randles circuit. The second aim was to 
determine electrical impedances between each pair of electrodes, with contacts 
located close to the center of each ampulla of each SCC and adjacent to the 
vestibular nerve in the guinea pig inner ear. This was done in vitro using sinusoidal 
voltage signals in a frequency range from 100 Hz to 50 kHz. Finally, the aim was to fit 
the measured interelectrode electrical impedance, including the EDL and medium 
polarization, to the Randles circuit using a squared error minimization algorithm.  

MATERIALS AND METHODS 

Sample 

This study used 10 ml of 0.9% NaCl saline solution stored in a disposable plastic 
container (1.71 x 1.25 x 4.5 cm) and the periotic bone of a guinea pig weighing 947 
grams. Before the study, the animal was kept in standard vivarium conditions with 
water and food ad libitum. All procedures were performed following the European 
Convention for the Protection of Vertebrate Animals. The animal was decapitated 
under ether anesthesia. The bones of the tympanic cavity and the periotic capsule 
were removed, with the preserved native structure of the vestibulocochlear nerve 
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leaving this capsule through the internal auditory opening. The study was carried out 
on a fresh tissue sample no later than an hour after decapitation. The sample was 
not fixed. 

Equipment 

A set of platinum electrodes was used to measure the impedances. The 
platinum ball contact branches fabricated by Med-EL are made by flaming the end 
of a wire into a ball contact. The size of the ball contact is checked to be within a 
±0.05 𝑚𝑚 range of tolerance. Each electrode branch was fabricated with a ball 
contact at the tip with a diameter of 0.5 mm, half exposed, resulting in an estimated 

contact area of 𝑆𝑒 =
𝜋𝑑2

2
= 0.39 𝑚𝑚2. The remaining electrode surface was 

insulated with silicone rubber. The measured active electrical resistance of each 
electrode was below 2 𝛺 and thus was considered negligible compared to the EDL. 
First, two electrodes were inserted parallel to each other in a plastic container filled 
with 10 ml 0.9% NaCl saline solution, positioned at a distance of 35 mm from each 
other. Next, three electrodes were each inserted into the fenestrations of one of the 
three SCC ampullae of the vestibular organ, and one electrode was attached to the 
vestibulocochlear nerve stump. All electrodes were fixed at their positions using 
cyanoacrylate (superglue). 

The measurement circuit is presented in Figure 7.1. Only two out of four 
inserted electrodes were used at a time in each of six measurements: one electrode 
provided the voltage, another served as a ground node. The AC voltage generator 
(Gen) provided a sinusoidal signal with an amplitude of 0.2 V in the case of saline 
solution and 0.4 V in guinea pig inner ear, both in a frequency range of 100 Hz to 50 
kHz. The chosen magnitude of the load resistor (R) should not interfere with the 
target impedance. On the other hand, the load resistance should be big enough to 
register the voltage applied. Thus, in the present study, the load resistor was 𝑅 =
960 𝛺 (1% resistance accuracy) for guinea pig measurements and 𝑅 = 100 𝛺 (1% 
resistance accuracy) for saline solution measurements. During the measurements, 
the total current flowing in the circuit did not exceed 90 µA. The RIGOL DS1054 
oscilloscope (Osc) simultaneously registered the voltage applied between the 
stimulating electrode EL1 and the ground GND (𝑉𝑔𝑒𝑛), and the voltage applied 

between the registering electrode EL2 and the ground GND (𝑉𝑙𝑜𝑎𝑑). The 
measurements were performed at room temperature T=298 K. 
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Figure 7.1 Schematic picture of the impedance measurement circuit. Gen – voltage 
signal source; Osc – oscilloscope; R – load resistor; EL1 and EL2 – implanted 

platinum electrodes; GND – ground node; 𝑉𝑔𝑒𝑛 – voltage provided by generator; 

𝑉𝑙𝑜𝑎𝑑 – voltage measured at the load resistor. 

Electrical impedance calculation 

The measurement circuit was considered a closed one (insignificant current 
flow to and from oscilloscope); therefore, the electrical current was assumed to be 

the same at any point of the (model) circuit and was determined as 𝐼 =
𝑉𝑙𝑜𝑎𝑑

𝑅
. Taking 

into account the previously mentioned assumption and the energy conservation law, 
the voltage applied to the sample was then calculated simply as a difference 
between the voltage provided by the generator and the voltage drop over the load 
resistor: 𝑉𝑠 = 𝑉𝑔𝑒𝑛 − 𝑉𝑙𝑜𝑎𝑑. The electrical impedance magnitude was then calculated 

at each measured frequency via Ohm’s law as the ratio of the voltage and current 

amplitudes: |𝑍(𝑓)| =
|𝑉𝑠|

|𝐼|
. The phase shift ∆𝜑 = 𝜑2 − 𝜑1 was determined by 

comparing the harmonic signal applied from generator 𝑉𝑔𝑒𝑛 = 𝐴1𝑠𝑖𝑛(𝜔𝑡 + 𝜑1) and 

the harmonic signal received at the load 𝑉𝑙𝑜𝑎𝑑 = 𝐴2𝑠𝑖𝑛(𝜔𝑡 + 𝜑2). Both signals 
underwent Fast Fourier Transform, then the dominant harmonic component was 
identified in each signal as having the highest magnitude. The phases 𝜑1 and 𝜑2 were 
calculated in each signal using Euler’s formula, and finally, their difference resulted 
in the overall phase shift ∆𝜑 expressed in radians. 

Equivalent circuit model: saline solution 

The Randles circuit (Randles, 1947) was chosen to simulate the electrical 
impedance between the electrodes immersed in the saline solution and estimate the 
EDL parameters since the saline solution does not include any biological tissues or 
cell membranes. The medium impedance in the saline solution was considered to be 
purely resistive (𝑅𝑠) due to the absence of biological tissues in the measurement. 
The EDL was represented by a capacitor (𝐶) connected in parallel to a Warburg 
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element (𝑊) and an active resistance (𝑅𝑐𝑡) describing the charge transfer through 
the EDL (Figure 7.2). The Warburg element was represented as a constant phase 

element with an impedance equal to 𝑍𝑊 =
1

𝐴∗(𝑖∗2∗𝜋∗𝑓)𝑝, where 𝐴 is the inverse 

magnitude of Warburg element impedance; 𝑖 is the imaginary unit, 𝑓 is linear 
frequency, and 𝑝 is a real number in the range between 0 and 1 (Taylor & Gileadi, 
1995). 

 

 

Figure 7.2 Randles circuit used for fitting the measured impedance in saline 
solution. 𝑅𝑠 – the interelectrode medium resistance, 𝑅𝑐𝑡 – charge transfer 

resistance, 𝐶 – EDL capacitance, 𝑊 – Warburg element, 𝑍𝑊 – Warburg element 
impedance. 

Equivalent circuit model: guinea pig inner ear 

An extended equivalent Randles circuit was used to fit the measured electrical 
impedance in the guinea pig inner ear tissue (Figure 7.3). The Randles equivalent 
circuit was chosen because of the simplicity in its interpretation (impact of the EDL 
compared with the biological tissue) and lower ambiguity in parameter identification 
compared with the equivalent circuits incorporating more elements (Demkin et al., 
2020). The equivalent circuit consists of a simplified EDL circuit without the Warburg 
element (𝑅𝑐𝑡 , 𝐶) describing electrode-tissue interface and a tissue circuit 
representing the inner ear tissue in terms of extracellular resistance (𝑅𝑒) in parallel 
with membrane capacitance (𝐶𝑚) and intracellular resistance (𝑅𝑖). The Warburg 
element was omitted due to the small impedance magnitude compared with other 
resistances and for the simplicity of further simulations. The EDL parameters were 
taken from the result obtained from the saline solution simulation, whereas the 
tissue parameters were identified by fitting the tissue circuit to the measured data. 
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Figure 7.3 Randles circuit with extended tissue model (excluding Warburg element) 
used for fitting the measured impedance in the guinea pig inner ear. Tissue circuit: 

𝑅𝑖 – resistance of the intracellular medium, 𝐶𝑚 – membrane capacitance, 𝑅𝑒 – 
resistance of the extracellular medium; EDL circuit: 𝑅𝑐𝑡 – charge transfer resistance, 

𝐶 – EDL capacitance; EDL – electrical double layer. 

A custom-made algorithm to find the best combination of parameters has been 
implemented in Matlab 2014b (Mathworks, Natick, USA). The algorithm fitted the 
desired equivalent circuit to the experimentally determined electrical impedance in 
the complex form using the iterative method of minimizing the squared error 
between the fit and the measurements. The initial values of the different parameters 
and their chosen upper range are listed in Table 7.1; the lower range was always set 
at 0, since the considered parameters must be non-negative. 

Table 7.1 The range of the equivalent circuit parameters used for the model fit. 

 Medium EDL 

 Guinea pig tissue Saline 

 𝑅𝑖 (𝛺) 𝐶𝑚 (𝐹) 𝑅𝑒 (𝛺) 𝑅𝑠 (𝛺) 𝐶 (𝐹) 𝑅𝑐𝑡 (𝛺) 
𝐴(

1

𝛺
) 

𝑝 

Starting 
point 

2
∗ 104 

10−9 2
∗ 104 

2
∗ 104 

10−9 4 ∗ 103 0.06 0.5 

Upper 
limit 

106 10−6 106 106 10−6 106 Inf 1 

 

RESULTS 

Impedance measurements: saline solution 

Figure 7.4 shows the magnitude and phase shift of the total electrical 
impedance for both measured and fitted parameters for the saline solution. The 
impedance magnitude becomes horizontally asymptotic at approximately 30 kHz 
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with a value of about 1 𝑘𝛺. The originally negative phase shift tends to 0 degrees 
with increasing external field frequency and reaches 0 degrees at around 50 kHz. 

 

Figure 7.4 Measured and fitted electrical impedance in the saline solution. 
Measured impedance (blue crosses), fitted impedance (blue solid line), measured 

phase shift (red circles), and simulated phase shift (red dashed line). 

Equivalent circuit simulation: saline solution 

Table 7.2 shows the best Randles circuit parameters (Figure 7.2) obtained from 
the fitting algorithm by using the total measured impedance of the saline solution. 
The maximum value of Warburg element impedance does not exceed the magnitude 
of 0.05 𝛺 and, therefore, can be neglected compared with saline resistance 𝑅𝑠 
(809.49 𝛺) and charge transfer resistance 𝑅𝑐𝑡 (18.75 𝑘𝛺). Thus, the fitted values of 
EDL (𝐶, 𝑅𝑐𝑡) will be used for further simulations of stimulation through real 
electrodes in the guinea pig inner ear. 

The capacitive impedance (𝑋𝐶) acts according to the expression 𝑋𝐶 =
1

𝑖𝜔𝐶
. It 

forms the low frequency impedance that decays with increasing the stimulation 
frequency. In contrast, active resistance of saline (𝑅𝑠) is frequency independent and 
determines the plateau value at high frequency range (Figure 7.4). 
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Table 7.2 Fitted parameters of the impedance in the saline solution. 𝑅𝑠 – 
resistance of the interelectrode medium; 𝑅𝑐𝑡 – charge transfer resistance; 𝐶 – 

electrical double layer capacitance; A – the inverse magnitude of Warburg element 
impedance; p – the power of the phase part of Warburg element impedance. 

 Medium EDL 

 𝑅𝑠 (𝛺) 𝐶 ∗ 10−8 (𝐹)  𝑅𝑐𝑡 (𝑘𝛺) A (
1

𝛺
) 𝑝 

saline 809.49 27.09 18.75 0.06 0.89 

Impedance measurements: guinea pig 

Both measured and fitted magnitudes and phase shifts of a total electrical 
impedance in the guinea pig inner ear are shown in Figure 7.5. Both the magnitude 
and phase shift indicate a nonlinear frequency dependence. The measured 
impedance magnitude becomes horizontally asymptotic at approximately 10 kHz 
with an average value of 4.6 𝑘𝛺. The value of the asymptote also includes the load 
resistor (960 𝛺), which is in series to the measured impedance. The absolute value 
of phase shift tends to decrease to 0 degrees at approximately the same frequency 
of 10 kHz.  
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Figure 7.5 Measured and fitted electrical impedance in the guinea pig inner ear. 
Measured impedance (blue crosses), fitted impedance (blue solid line), measured 
phase shift (red circles), and simulated phase shift (red dashed line) between: (a) 

ASCC-LSCC; (b) ASCC-VN; (c) ASCC-PSCC; (d) LSCC-VN; (e) LSCC-PSCC; (f) PSCC-VN in 
guinea pig. Abbreviations: ASCC, PSCC, LSCC – are anterior, posterior and lateral 

semicircular canals, respectively; VN – vestibular nerve. 

Equivalent circuit simulation: guinea pig 

The extended equivalent Randles circuit was fitted to the measured data to take 
into account medium polarization, using the circuit shown in Figure 7.3 (including 
the extended tissue model but without the Warburg element). The other EDL 
parameters (C and 𝑅𝑐𝑡) are defined to be the same as in the saline solution 
simulations (Table 7.2). The (small magnitude) Warburg element was not considered 
in this equivalent circuit since the simulations showed that the absence of the 
Warburg element does not worsen the goodness of fit. The best fit coefficients are 
shown in Table 7.3. The fitted intracellular resistance (𝑅𝑖) between a pair of ampullae 
is slightly lower than the resistance between an ampulla and the vestibular nerve 
stump at the location of the recording electrode.  
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Table 7.3 The fitted impedance parameters in the guinea pig inner ear: 
Randles circuit with extended tissue. ASCC, PSCC, LSCC – are anterior, posterior, and 

lateral semicircular canals, respectively; VN – vestibular nerve; 𝑅𝑖 – resistance of 
the intracellular medium; 𝐶𝑚 – membrane capacitance; 𝑅𝑒 – resistance of the 

extracellular medium; 𝑅𝑐𝑡 – resistance of the diffusion layer; 𝐶 – electrical double 
layer capacitance; SD – standard deviation. EDL parameters are fixed in this case at 

levels obtained from the saline solution measurements. 

 Medium EDL 

 𝑅𝑖  (𝑘𝛺) 
𝐶𝑚

∗ 10−8 (𝐹) 
𝑅𝑒 (𝑘𝛺) 𝐶 ∗ 10−8 (𝐹)  𝑅𝑐𝑡  (𝑘𝛺) 

ASCC-LSCC 3.88 8.44 33.34 

27.09 18.75 

ASCC-VN 6.76 7.79 35.12 

ASCC-PSCC 4.31 9.50 134.65 

LSCC-VN 5.30 9.94 23.24 

LSCC-PSCC 2.69 9.84 22.86 

PSCC-VN 5.50 12.60 24.08 

Average 4.74 9.69 45.05 - - 

SD 1.42 1.68 44.16 - - 

 

DISCUSSION 

In the present study, the electrical impedance was determined in the saline 
solution and between the selected structures of the guinea pig inner ear: the three 
SCC ampullae and the vestibular nerve. The parameters of the Randles circuit were 
fitted to the measured values of the electrical impedance in the saline solution to 
estimate the EDL parameters. The obtained magnitude of the Warburg element is 
considerably smaller than the other elements in the equivalent circuit. Therefore, 
the Warburg element could be neglected. The extended Randles circuit parameters, 
including intra- and extracellular resistance and cell membrane capacitance (Figure 
7.3) were fitted to the measured electrical impedances in the guinea pig inner ear. A 
good match between the model and the measurements for both magnitude and 
phase shift was obtained. A better fit can be obtained by adding more elements in 
the circuit, but this should be done concerning their physical interpretation. 

The data suggest that the capacitive component of the electrical impedance in 
the guinea pig inner ear is significant in the range of relatively low frequencies up to 
10 kHz. Аt higher frequencies, the impedance of both capacitors present in the 
extended Randles circuit approaches zero, allowing the current to bypass the charge 
transfer resistance and the extracellular resistance and to flow through the 
intracellular resistance and the membrane capacitance (Figure 7.3). Consequently, 
the overall magnitude of the electrical impedance approaches (at high frequencies) 
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the total active resistance - equal to the sum of the intracellular resistance and the 
load resistor with increasing frequency in the model.  

The EDL capacitance per unit area can be assumed to be in the range of  
𝐶

𝑆
=

10 −  20
𝜇𝐹

𝑐𝑚2 for a metal electrode immersed in liquid (Merrill et al., 2005), which 

has the same order of magnitude as the findings of this study  
𝐶

𝑆
=

𝐶

2𝑆𝑒
=

34.73 𝜇𝐹/𝑐𝑚2. The electrode contact area in these experiments is, in fact, twice the 
area of single contact since the model creates one capacitance value that accounts 
for the capacitance 𝐶 for both electrodes; therefore, the direct comparison between 
literature and fitted values cannot be established. 

In vivo vs. in vitro 

It has been shown in the literature that there are differences between in vitro 
and in vivo results, indicating a slight decrease in the conductivity and permittivity in 
in vitro cases (Schwartz & Mealing, 1985). Even though the ionic composition of 
endo- and perilymphatic liquids equalizes post mortem due to the diffusion process 
(Rodgers et al., 1966), it does not change the overall liquid conductivity and active 
resistance 𝑅𝑒. Finally, the tissue properties can change with temperature (Edd et al., 
2005; Fischer et al., 2019), with the trend to increase when lowering the temperature 
in the positive temperature range. Thus, the measured impedance evaluated in this 

paper could be a slight overestimation of the real in vivo situation. 

Relation to a human inner ear 

When considering the human inner ear space, the value of the EDL capacitance 
will probably vary from the findings of this study due to the bigger sizes of vestibular 
labyrinths (in particular, of the SCCs and the ampullae). Electrode dimensions used 
in humans can be bigger or smaller than in the in-vitro experiments of this study on 
guinea pigs. This might lead to different contact surface areas and, consequently, 
different EDL capacitances - 𝐶, which in its way affects the impedance in the low 
frequency range. The electrode size issue can be resolved in each particular case by 
direct measurement of the implant electrode tip and a consecutive scaling the EDL 
capacitance. 

In addition, the human ampullae are located farther from each other and from 
the vestibular nerve than in the guinea pig, which will probably increase the active 
resistance - 𝑅𝑒. On the other hand, the cross-sections of human semicircular canals 
are approximately 20 times bigger than in the guinea pig (Curthoys et al., 1977) that 
will probably reduce the active resistance - 𝑅𝑒 according to the cylinder resistance 
equation (if the canal can be assumed as a conductive cylinder).  

This study presents the electrical impedances not only between each pair of 
ampullae but also between the ampullae and vestibular nerve, which is crucial to 
understand the nerve fiber stimulation processes and cross-talk between stimulated 
ampullae. The presented methodology to evaluate fitting parameters by matching 
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the measured in vitro electroconductive properties of the guinea pig inner ear could 
improve modelling the electrode-tissue interface and evaluate simulations. The 
obtained values of the EDL parameters (𝐶, 𝑊, 𝑅𝑐𝑡) can serve as a good estimate of 
the EDL to use in future electrical modelling, including other electrode dimensions, 
even though they might change with different electrode contact areas. Unlike the 
EDL, the medium impedance would change with different interelectrode distances 
and tissues present between the electrodes, such as bone, membrane, or cupula. 
Eventually, the physical phenomena described in this article remain the same for 
guinea pig and human inner ear can be used for modeling purposes. 

Future prospective 

In the future, in vivo experiments measuring the interelectrode impedance in 
laboratory animals (and potentially in VI patients) will be very useful for validating 
the presented results.  

A (micro-)Computed Tomography scan of the implanted site after impedance 
measurements would allow for the reconstruction of the entire geometry and 
determine the precise distance between electrodes located in the inner ear. 
Together with the obtained impedances in the inner ear, the known geometry would 
allow for the construction of 3D FEM models and calculation of the distributed 
parameters such as electrical conductivity and dielectric permittivity of the tissues 
involved (Fischer et al., 2019). 

The measured electrical impedances of the guinea pig inner ear and obtained 
equivalent circuits shown in this study can also be used to improve and optimize 
already existing 3D FEM models by considering the EDL in the simulations. In 
addition, impedance measurements from various isolated tissues of the inner ear 
and identification of their distributed electrical parameters might be essential to get 
more realistic localized results from the 3D FEM simulations. 

CONCLUSION 

The EDL, together with medium polarization, plays a significant role in the 
electrical impedance of the guinea pig inner ear. Thus, when trying to predict the 
performance of electrical stimulation using electrical conductivity models, the EDL 
and medium polarization should be considered in these models to increase the 
credibility of the simulation outcomes. 
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INTRODUCTION 

The vestibular system facilitates three main functions of the human body: 
spatial orientation, balance control and gaze stabilization (Kingma & van de Berg, 
2016). Vestibular function loss due to a variety of reasons (Lucieer et al., 2016; Van 
De Berg et al., 2015) is very difficult to treat. The solution is the vestibular implant 
(VI) that is able to restore the lost vestibular function (Fornos et al., 2019; Guinand 
et al., 2011). At current, VIs incorporate 3 electrodes located inside of the 
semicircular canal (SCC) ampullae (van de Berg et al., 2012, 2017), that provide the 
electrical current stimulation of the nearby vestibular afferents replacing in such a 
way the damaged endorgan (van de Berg et al., 2015). 

The process of the vestibular implant development and improvement naturally 
includes the modelling approach since in silico experiments are much simpler than 
in vitro and particularly in vivo experiments. The most advanced models present are 
the 3D finite element models (FEM) including such geometrical volume domains as 
the temporal bone, endo and perilymphatic spaces as a whole, and the vestibular 
nerve together with nerve excitation model (Handler et al., 2017; Hayden et al., 
2011; Hedjoudje et al., 2019; Marianelli et al., 2015). Each of the abovementioned 
geometry domains has a pair of electrical properties: conductivity and permittivity, 
resulting in the resistance and capacitance respectively. Both conductivity and 
permittivity result in an electrical impedance that determines the current 
propagation through the medium under study. Understanding of the electrical 
properties of the simulated medium is crucial for obtaining the reliable results. 

The goal of this study is to construct the 3D FEM model reflecting the measured 
electrical impedance in the guinea pig inner ear incorporating the electrical double 
layer and to investigate the significance of the surrounding temporal bone. 

MATERIALS AND METHODS 

Sample and impedance measurement 

Electrical impedance measured in the 0.9% NaCl saline solution and in the 
guinea pig inner ear: all combinations between each pair of SCC ampullae and 
vestibular nerve. Here we give only a brief outline of experimental procedures, since 
they were described in detail in the chapter 7. 

Constructing the 3D model: electrodes 

Each electrode was presented as a sphere with radius 𝑟𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 0.25 mm 
surrounded by a larger sphere with the radius 𝑟𝐸𝐷𝐿 = 0.251 mm representing the 
EDL of 1 um thick (Figure 8.1). The spheres were considered to be half-insulated to 
match the experimental conditions where the metal electrode tip was only half-
exposed. 
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Figure 8.1 3D geometry of the platinum electrode with EDL. 

Constructing the 3D model: saline solution 

Figure 8.2 shows the 3D geometry of the experiment in the saline solution. A 
block with the dimensions 46.7 x 12.5 x 17.1 mm represented the cavity with the 
saline solution.  

 

Figure 8.2 3D geometry of the saline solution container with two spherical 
electrodes immersed in it.  

Constructing the 3D model: guinea pig 

In this study, the periotic bone of a guinea pig weighing 947 grams were used. 
Before the study, the animal was kept in standard vivarium conditions with water 
and food ad libitum. All procedures were performed following the European 
Convention for the Protection of Vertebrate Animals. The animal was decapitated 
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under ether anesthesia. The bones of the tympanic cavity and the periotic capsule 
were removed with the preserved native structure of the vestibulocochlear nerve 
leaving this capsule through the internal auditory opening. The sample was not fixed. 

The imaging was carried out on fresh tissue sample not later than an hour after 
decapitation. The micro-CT Skyscan1172 (Bruker Corporation, USA) was used to 
obtain images of the bone labyrinth. An average voltage of 80 kV and a current of 
124 μA were used for scanning with an aluminum filter 0.5 mm thick. The pixel size 
before reconstruction was 4 μm, and the exposure time was set at 1.23 seconds. 
After reconstruction, the pixel size was 32 micrometers.  

On the reconstructed sections, the bony labyrinth was clearly visible as a 
network of connected tunnels in the periotic bone. The recovered images were 
imported into 3D Slicer 4.8.1 for the bony labyrinth segmentation (Fedorov et al., 
2012). The segmentation was carried out manually; the resulting segments were 
assembled into a 3D model. Processing of 3D models included anti-aliasing to 
eliminate small inaccuracies made as a result of manual segmentation. The obtained 
3D model of the guinea pig bony labyrinth was then imported in Comsol software 
and was surrounded by a rectangular block of the size 9 x 10 x 7 mm (Figure 8.3). 

 

Figure 8.3 3D geometry of the guinea pig bony labyrinth with spherical electrodes 
located in each SCC ampullae surrounded by a temporal bone block. 
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Electroconductivity parameters 

In the Electric Currents module, necessary parameters of the electrical 
conductivity such as dielectric permittivity (𝜀) and electrical conductivity (𝜎) were 
assigned to each volume domain of 3D model (Table 8.1). 

Table 8.1 Values of electrical conductivity for endo- and perilymph domain, 
and for platinum electrodes used for simulation. 

 
𝜎 (

𝑆

𝑚
) 

𝜀 

Bone 0.01 10000 

Saline solution 2.216 81 

Endo- and peri-lymph 1.5 81 

Platinum 8.9 ∗ 106 1 

 
The dielectric permittivity of the electrolyte liquids (saline and endo- and 

perilymph) was considered to be the same as for the water 𝜀 = 78, corresponding 
to room temperature of 25 °𝐶 (Malmberg & Maryott, 1956). Hence, dielectric 
permittivity does not make sense for a conductive medium and, therefore, its value 
should be equal to 1. Nevertheless, the simulations showed, that changing the value 
of 𝜀 for liquids present in the model in the range from 1 to 100 does not make any 
impact to the result. The conductivity of the endo and perilymphatic liquids and the 
bone is taken from the literature (Handler et al., 2017; Hayden et al., 2012; Kosterich 
et al., 1983; Marianelli et al., 2015). The calculation of the conductivity of saline 
solution is given in the Appendix 2. 

Adding physics 

The combination of “Electric currents” and “Electrical Circuit” modules in 
Comsol 5.6 software was used in this study. 

Electrical Circuit module comprised the ground node connected in series with 
the load resistor 𝑅𝑙𝑜𝑎𝑑 having the resistance of 100 𝛺 for saline solution and 960 𝛺 
for guinea pig models. The electrical circuit was connected to the receiving electrode 
in the 3D model of Electric currents module.  

The initial conditions applied in the whole 3D volume under study were set as 
0V. Voltage source with an amplitude of 0.1 V was connected to one of the 
electrodes. The simulations were conducted in a frequency domain from 50 Hz to 50 
kHz with a step of 50 Hz which corresponds to the frequencies of the VI (Appendix 
3). Measured value – electrical current flowing through the load resistor 𝑅𝑙𝑜𝑎𝑑. 

Identifying the distributed EDL parameters 

The distributed electroconductivity parameters of EDL remain unknown, so the 
method of parameter estimation was applied. It is known that EDL is a small highly 
resistive dielectric layer, therefore it should probably have a relatively low 
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conductivity and relatively high dielectric permittivity to reveal the features of a 
capacitor. Thus, a grid search was performed for all combinations of parameters 
shown in Table 8.2, which means the potential distribution and the current flowing 
through the load resistor were calculated for each combination of signal frequency, 
EDL permittivity and EDL conductivity. Then the impedances were calculated again 
for each combination of permittivity and conductivity of EDL and compared with 
measured impedances. 

Table 8.2 The range of the EDL parameters used for grid search. 

 𝜀 𝐸𝐷𝐿 
𝜎 𝐸𝐷𝐿 (

𝑆

𝑚
) 

Lower bound 103 10−5 
Upper bound 107 1 

Step 1/5 Log(10) 1/5 Log(10) 

In the end, the root mean squared error normalized by the mean (NRMSE) was 
used to estimate the goodness of fit when compared the experimental and fitted 
electrical impedance in complex form. NRMSE values range from 0 to infinity, where 
0 means a perfect match and infinity means a complete mismatch. It is difficult to 
treat the absolute value of NRMSE, but it can be used to compare fitted models 
between each other, where the closer to zero value means a better fit. 

RESULTS 

Saline solution impedance simulation 

The magnitude of saline solution conductivity was decreased down to 1.8 S/m 
to make simulated impedance match the experimental results in the range of high 
frequencies over 10 kHz. The best estimated electroconductivity parameters of EDL 
after applying the grid search approach are shown in Table 8.3. The simulated 
impedance was compared with the measured one in the complex form and resulted 
in NRMSE=1.41. 

Table 8.3 Best estimated parameters of the EDL in the saline solution 

 
𝜎𝐸𝐷𝐿 (

𝑆

𝑚
) 

𝜀𝐸𝐷𝐿 

EDL 6 ∙ 10−4 1.1 ∙ 105 
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Figure 8.4 Measured and simulated electrical impedance in the saline solution. 
Measured impedance (blue crosses), fitted impedance (blue solid line), measured 

phase shift (red circles), and simulated phase shift (red dashed line). Comsol 
simulation with EDL parameters taken from Table 8.3. 

Bone significance 

The presence of the bone tissue around the vestibular system influences the 
magnitude and phase shift of the electrical impedance in the guinea pig model in the 
range of relatively low frequencies despite its low conductivity and high permittivity 
compared with endolymph/perilymph liquid (Figure 8.5). 
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Figure 8.5 Simulated impedance and phase shift in the guinea pig inner ear between 
anterior and posterior ampullae: comparing models including and excluding the 

temporal bone.  
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Guinea pig impedance simulation 

 

 

Figure 8.6 Electrical potential distribution (in color); and electrical current flow 
(black arrows and red lines) through the guinea pig inner ear. 

The measured and simulated impedance of the guinea pig ampullae is shown 
on Figure 8.7. The magnitude of the simulated impedance matches the 
measurement quite well except the mid frequency range around 1 kHz, where the 
simulated impedance decreases steeper. In its way, the simulated phase shift 
indicates a non-monotonous behavior in a low frequency range below 500 Hz unlike 
the measured experimentally. Apparently, this can be related to a capacitive part of 
the impedance, viz with the dielectric properties of the interelectrode medium. 
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Figure 8.7 Measured (solid and dashed lines) and simulated (circles and crosses) 
impedance and phase shift in the guinea pig inner ear. A - between ASCC and LSCC, 

B – between ASCC and PSCC, C -between PSCC and LSCC. 

The obtained values of NRMSE for the complex impedance are shown in Table 
8.4. On average the obtained values of NRMSE for the guinea pig impedance are 
lower than for the saline solution, indicating a slightly better fit. Nevertheless, the 
NRMSE values obtained in Comsol simulation are an order of magnitude higher than 
equivalent circuit model which reveals the advantages of the optimization algorithm 
over grid search. 

Table 8.4 NRMSE for electrical impedance measured between each pair of SCC 
ampullae in guinea pig. 

Electrode location NRMSE 

ASCC-PSCC 1.39 

ASCC-LSCC 1.16 

PSCC-LSCC 1.27 

Current propagation 

Simulated propagation of the rectangular biphasic voltage pulse through the 
guinea pig inner ear tissues are shown in Figure 8.8 and Figure 8.9. The biphasic 
voltage pulse propagating through the inner ear tissues is distorted and transformed 
into a tri-phasic, where the first cathodic phase is lower than the positive phase 
resulting in less tissue stimulation. 
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Figure 8.8 Comsol simulation: square voltage pulse provided by a PSCC electrode 
and the voltage registered at the load resistor. 

 

Figure 8.9 Comsol simulation: electrical current flowing through the resistor. 
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DISCUSSION 

This study presents the development of the finite element model for the guinea 
pig inner ear incorporating the 1um electrical double layer surrounding electrodes. 
Such an approach allows to match the experimentally measured electrical 
impedance quite well. The values of dielectric permittivity and conductivity of 1um 

thick EDL layer have been identified using the grid search approach, 𝜎𝐸𝐷𝐿  (
𝑆

𝑚
) = 6 ∙

10−4 𝑆/𝑚 and 𝜀𝐸𝐷𝐿 = 1.1 ∙ 105. It should also be noted that the obtained values 
should be adjusted in the case of another EDL thickness, since they are size 
dependent. 

The value of the medium conductivity influences the high frequency part of the 
impedance, i.e. saturation part: the higher is the medium conductivity the lower is 
the impedance. The value of EDL conductivity influences the low frequency part of 
the impedance. Finally, dielectric permittivity of EDL is responsible for the steepness 
of the impedance decay. 

The obtained values of the EDL electroconductivity allow to calculate the 
lumped parameters and compare them with obtained ones in the previous chapter. 
The formation of EDL around the half-exposed spherical electrode can be presented 
as a spherical capacitor. The capacitance of a single electrode EDL is then can be 
found by the following expression: 

𝐶𝑠𝑝ℎ = 𝜀𝜀0𝑆/𝑑 (1) 

where 𝜀0 = 8.85 ∗ 10−12 𝐹

𝑚
 is vacuum permittivity, 𝜀 is the dielectric 

permittivity of the capacitor dielectric or EDL in our case (see Table 8.3), 𝑆 is the 
sphere area, and 𝑑 is the distance between capacitor plates or EDL thickness in our 
case. Substituting all numeric values in the equation we get 𝐶𝐸𝐷𝐿 = 38.22 ∙ 10−8 𝐹. 
The value is at least if the same order of magnitude as described in the literature for 
the metal electrode immersed in liquid (Merrill et al., 2005). Assuming the EDL 
capacitances to be connected in series, the obtained value should be halved resulting 
in a good match with the literature data. 

Since EDL has a non-zero conductivity, it is possible to calculate the overall 
resistance of a single electrode EDL using the following expression for the cylindrical 
resistor: 

𝑅 = 𝜌
𝑙

𝑆
=

𝑑

𝜎 ∙ 𝑆
 

(2) 

where 𝜎 is the electroconductivity,  the rest parameters are as before. 
Substituting the numerical values, we get 𝑅𝐸𝐷𝐿 = 4.244 𝑘𝑂ℎ𝑚. The obtained 
lumped parameters are of the same magnitude as in the chapter 2, nevertheless the 
direct comparison cannot be established since in the equivalent circuit the 
parameters were defined for two electrodes at the same time. 

Bone presence influences the result significantly despite the bone material is 
less conductive, has high permittivity, and only surrounds the electrolytic space in 
the inner ear. It therefore can be hypothesized that the structures that are present 
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inside of the inner are like cupula and membraneous labyrinth may affect the current 
propagation even stronger. Unfortunately, there is no information in the literature 
about the dielectric properties of these structures. 

Better accuracy in terms of matching the measured electrical impedance can 
be reached by increasing the amount of steps in the grid search algorithm or by 
developing the parameter optimization algorithms. 

There are different ways to implement EDL in FEM, in particular in Comsol: 
contact impedance, electrochemistry, or by connecting an equivalent circuit of EDL 
to one of the electrodes (Cantrell et al., 2008). 

Each tissue should be measured separately in order to identify the conductivity 
and permittivity. 

Study limitations 

The precise electrode locations remain hypothesized. Nevertheless, a slight 
change in the electrode position should not change the simulation drastically as soon 
as the electrode tip is still immersed in the liquid which is justified in this study. The 
situation can be more complicated when the electrode tip is surrounded not only by 
liquid but also by air due to the canal fenestration or when the electrode tip is 
touching the bone. These particular cases should be studied separately. 

The model does not include the geometry of the vestibular nerve because it 
was not visible of the CT image, therefore it is not possible to calculate the potential 
distribution in the nerve. On top of that, no fine structures of the labyrinth such as 
cupula and membranous labyrinth are not visible as well, which still can play a 
significant role in the electric current propagation creating the alpha polarization on 
the tissue borders. 

Therefore, the model can be extended by performing the micro-CT imaging with 
a high spatial resolution down to 1 um, high intensity resolution of 16 bit and staining 
techniques using such substances as OsO4 or PTA (Ertl & Boegle, 2019; Glueckert et 
al., 2018; Schulz-Mirbach et al., 2013; van den Boogert et al., 2018) to other visualize 
structures of the inner ear. For example, staining allows to see neural fibers which 
normally are not visible in a CT. Both high spatial and intensity resolution will 
potentially allow to visualize membraneous labyrinth and otolith organs. 

CONCLUSION 

The electrical impedance measured in saline solution and between each pair of 
ampullae of the guinea pig inner ear was simulated using 3D FEM modelling in 
Comsol Multiphysics. The conductivity and permittivity of EDL have been identified 
from saline solution measurements using 1um thick EDL approximation. It was 
shown that the bone affects the propagation of the electrical currents significantly 
which implies that the absence of the fine structures inside of the inner ear like 
cupula and membraneous labyrinth may also distort the simulated electrical 
impedance. Therefore, more detailed images of the inner ear should be used for 
construction of more precise electrocounductivity models. On top of that, the study 



How to optimize the electrical stimulation for VI: Modeling of electrical 
conductivity 

143 

 

on the electroconductivity parameters of the tissues involved in necessary in the 
future. 
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THE AIM AND FINDINGS OF THIS THESIS 

Many people worldwide suffer from bilateral vestibulopathy (BVP) which 
prevalence is estimated at 0.03% in the whole population (Ward et al., 2013) 
(Agrawal et al., 2009). Patients with BVP usually report lower health-related quality 
of life (HRQoL) (Guinand et al., 2012; Sun et al., 2014). Unfortunately, BVP is still 
often misdiagnosed due to diagnostic challenges like the lack of standardization in 
vestibular testing (Van De Berg et al., 2015). Furthermore, treatment options are 
currently limited and with low yield (Van de Berg et al., 2011). Therefore, this thesis 
aimed to improve the diagnostics and optimize treatment of BVP by electrical 
stimulation based on investigation of underlying physical principles. Topics 
considered in this thesis included the following: patterns of the vestibular 
dysfunction in BVP patients, video head impulse testing using electro-oculography, 
assessment of self-motion perception, and electrical properties of the inner ear that 
are used in electrophysiological models for optimizing electrical stimulation by a 
vestibular implant (VI). 

In this thesis, it was demonstrated that: 

 Only three quarters of patients diagnosed with bilateral vestibulopathy are 
eligible for vestibular implantation because it requires a careful examination 
of all five vestibular end organs to ensure safe implantation of the vestibular 
implant. 

 Electro-oculography detecting the electrical potential of an eye is an 
accurate alternative to video-oculography in head impulse testing. 

 Thresholds of self-motion perception can quickly be determined in a clinical 
setting using a six degrees of freedom motion platform, but different testing 
paradigms need different normative values. 

 The electrical double layer of inner ear tissues, together with medium 
polarization, plays a significant role in the electrical impedances, and should 
be considered in electrical conductivity models to optimize vestibular 
implant stimulation. 

FINAL DISCUSSION AND VALORIZATION 

Bilateral vestibulopathy (BVP) is a chronic disease characterized by a bilaterally 
reduced or absent vestibular function (Hain et al., 2013; Lucieer et al., 2016; Strupp 
et al., 2017). According to Barany Society criteria, BVP is diagnosed based on 
symptoms (e.g. unsteadiness and oscillopsia) combined with a bilaterally reduced 
vestibular function as measured by at least one of the following tests: caloric test, 
torsion swing test, and head impulse test (HIT) (Strupp et al., 2017). However, these 
tests only measure the vestibulo-ocular reflex of the horizontal semicircular canals, 
while BVP is not a homogeneous disorder: abnormalities can also be found in the 
vertical semicircular canals and otolith organs. Therefore, to better understand BVP, 
it is recommended to evaluate the function of all five end organs. This will also 
facilitate decision making regarding vestibular implantation. After all, since surgically 
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implanting the vestibular system can cause significant damage to the vestibular 
system, other sensors than the horizontal semicircular canals also need to show 
deficits. By this, the vestibular system is not additionally damaged by vestibular 
implantation (van de Berg et al., 2020). Moreover, regarding diagnosis of BVP, the 
caloric test and video head impulse test seem to have a higher sensitivity for 
detecting vestibular hypofunction: 80% of BVP patients were diagnosed based on 
only the caloric test, only video head impulse testing, or both tests (Chapter 2). 

Vestibular test procedures based on the vestibulo-ocular reflex, mainly use 
recording of eye movements (oculography) (Blakley & Chan, 2015; Eggert, 2007; 
Siddiqui & Shaikh, 2013). The gold standard of eye movement recording, the scleral 
coil technique, is almost never used in clinic due to its inconvenience for the patient. 
Video-oculography is most widely used, but it has drawbacks related to pupil 
detection, calibration, goggle slippage, and fitting the predefined geometry of the 
goggles to a patient’s face (Heuberger et al., 2018; MacDougall et al., 2009; Suh et 
al., 2017; Weber et al., 2009). Electro-oculography is nowadays less commonly used 
in clinic, but it is still a complementary technique which can reliably be used for eye 
movement recordings during the caloric test and during rotatory chair testing 
(Ganança et al., 2010; López et al., 2016; Merino et al., 2010; Pietkiewicz et al., 2012). 
The feasibility of using electro-oculography for video head impulse testing, was not 
yet investigated. This thesis demonstrated that electro-oculography is an accurate 
technique to record eye movements during horizontal video head impulse testing: 
results are not significantly different from video-oculography (Chapter 3). 

Many vestibular testing procedures rely on vestibular reflexes (Lang & McConn 
Walsh, 2010; van de Berg et al., 2018), while the function of the vestibular system 
goes beyond facilitating reflexes. Testing reflexes only, implies that the vestibular 
system is not fully tested by current clinical tests  (Merfeld et al., 2014). Therefore, 
an additional vestibular test was proposed: testing of self-motion perception 
thresholds (Dupuits et al., 2019). Self-motion perception is a much more complicated 
mechanism than vestibular reflexes, since it the end-result of a multisensory 
integration of signals, including input from the audiovestibular, visual and 
somatosensory systems, which are modulated by cognition (Merfeld et al., 2005; 
Nouri & Karmali, 2018). In addition, the surrounding three-dimensional space allows 
12 different motion types and directions: six translations along three orthogonal axes 
and six rotations around the same orthogonal axes. Each of these directions is sensed 
by different vestibular end organs, and, therefore, motion sensitivity will be different 
for each type of motion. In research setting, test duration is one of the most 
fundamental problems when measuring the ‘true’ self-motion perception 
thresholds. After all, a long test procedure leads to decreased attention, 
compromising test results. In this thesis, a relatively fast (<1 hour) procedure was 
described to determine self-motion perceptual thresholds in clinic. It was 
demonstrated that self-motion perceptual thresholds could reliably be obtained and 
that thresholds increase with age, probably indicating the decay in the vestibular 
function. Another study recently found that BVP patients demonstrate significantly 
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higher self-motion perceptual thresholds for certain movement types and directions 
(van Stiphout et al., 2021). This might imply that self-motion perceptual thresholds 
can become another functional outcome (in line with DVA (Starkov, Snelders, et al., 
2020) and fHIT (Starkov, Guinand, et al., 2020; van Dooren et al., 2019)) related to 
vestibulopathy, complementing the vestibular test battery. (Chapter 4).  

It should be noted that for self-motion perceptual thresholds, the chosen 
testing paradigm influences the thresholds. It was shown that reducing the number 
of choices leads to a decrease of the self-motion perceptual thresholds (Grabherr et 
al., 2008; Priesol et al., 2014). Most likely, this is mainly the result of a higher chance 
to guess the correct type and direction of movement. This means that if 12 possible 
options are presented, an 8% chance to guess the right threshold is present, and with 
only two options, this chance increases up to 50%. However, an additional 
psychometric influence cannot be ruled out. This latter was not investigated, since 
the subject of the study in this thesis was related to clinical outcomes (yes or no a 
decrease of thresholds), not to the full underlying mechanism of the change in 
threshold between two testing paradigms (12 options versus 2 options). The findings 
of this thesis imply that normative data should be collected for each testing 
paradigm. Therefore, when using self-motion perceptual thresholds in future 
diagnostic procedures and studies, findings should be related to the testing paradigm 
specific normative values (Chapter 5). 

Since the vestibular implant (partially) restores vestibular function by 
electrically stimulating the vestibular system, it seems necessary to gain more 
insights in how the electrical current flows through the vestibular system. After all, 
having a deeper understanding of this current flow, might allow more safe and 
effective stimulation of the vestibular system. For this purpose, electrophysiological 
modelling of the inner ear is imperative (Handler et al., 2017; Hayden et al., 2012; 
Marianelli et al., 2015). Several factors are involved in optimizing the accuracy of 
such a model. First, the geometry, structure and size of the inner ear need to be 
determined with high resolution (micro)CT scanning techniques (Ertl & Boegle, 2019; 
Glueckert et al., 2018; van den Boogert et al., 2018) (Chapter 6). In case of creating 
a personalized model for already implanted patients, electrode position can be 
checked postoperatively, using e.g. three-dimensional X-ray tomography. Other 
factors that influence the current flow are the electrical properties of the inner ear 
that can be described in terms of the electrical impedance (Chapter 7). Although 
research in animals might not fully represent the human situation, it can still provide 
essential insights about current flow to validate existing models. In this thesis, the 
guinea pig inner ear’s measured impedances identified the key physical phenomena 
that influence the current flow: electrode and medium polarization. Eventually, the 
impedance will determine whether stimulation is possible or not: a high impedance 
most probably indicates a suboptimal contact between one of the stimulating 
electrodes and the tissue it aims to stimulate, compromising effective electrical 
stimulation.  
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Finally, the precise pathway of current flow in the inner ear, and the amount of 
current delivered to the target nerve, can be obtained from these three-dimensional 
electrophysiological models. The existing models described in literature have 
different complexity, incorporating more or fewer tissues. These models strongly 
rely on the electroconductive parameters of every tissue, while it is known that these 
parameters are not precise. Combining the 3D geometric model of the inner ear and 
the experimental measurements described in Chapter 7, allows more precise 
estimates of the required parameters (electroconductivity and permittivity of the 
double layer, endo- and perilymph, and temporal bone) and evaluates the 
significance of the presence or absence of every tissue in the model: the presence of 
the temporal bone around the inner ear significantly changes the electrical 
impedance measured inside of the inner ear. The resulting experimentally validated 
electrophysiological models might aid in determining the best electrode position and 
stimulation paradigm, in order to improve safe and effective stimulation of the 
vestibular system using a vestibular implant (Chapter 8). 

FUTURE RESEARCH 

Bilateral vestibulopathy and its relation to underlying etiologies 

Despite existing diagnostic criteria for diagnosing bilateral vestibulopathy, the 
use of different equipment and data processing algorithms might result in different 
outcomes and diagnoses (e.g., a patient might not be classified as BVP even though 
the disease is present). Therefore, vestibular testing should also include normative 
data related to the system used and standards regarding vestibular test procedures 
should be formulated world-wide. Collecting a more extensive and complete 
database of BVP patients, including the function of all five end organs, might improve 
understanding of BVP in general and in particular the idiopathic etiology. 

Reliability of the electro-oculography method in head impulse testing 

Development of a light-weight electro-oculography based device that includes 
gyroscopes, a multichannel amplifier and signal processing and analysis software, 
could result in a new type of head impulse testing device, complementary to the 
video-oculography devices. For that purpose, the following is required: 1) testing the 
applicability of electro-oculography in vertical head impulse testing; 2) testing the 
applicability of electro-oculography in patients with vestibular hypofunction. If 
successful, electro-oculography might especially be a useful alternative for patients 
in which video-oculography is challenging (e.g. difficulties with pupil detection). 
Furthermore, costs might not be as high as for the video-oculography devices, 
although that should still be determined. 

Self-motion perception testing and the vestibular implant 

At current, it was demonstrated that the vestibular implant is able to restore 
the vestibulo-ocular reflex, dynamic visual acuity, and spatial orientation. 
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Nevertheless, how much the vestibular implant contributes to motion perception, 
remains unknown. Testing of self-motion perceptual thresholds in bilateral 
vestibulopathy patients fitted with a vestibular implant, might therefore indicate 
whether the vestibular implant is also able to improve self-motion perception. In 
addition to this, testing self-motion perception during electrical vestibular 
stimulation might also bring new insights into the interaction between the peripheral 
vestibular end organs and the brain. After all, the advantage of the vestibular implant 
is the fact that it can (relatively) selectively stimulate different parts of the vestibular 
organ. Whether this eventually results in specific improvements of self-motion 
perception, still needs to be determined. 

Optimization of electrical stimulation of the vestibular afferents 

Investigating in vivo the electrical impedances in bilateral vestibulopathy 
patients fitted with a vestibular implant, can give additional insights in the tissue 
properties and how to improve the electrophysiological models’ accuracy. By 
developing more precise models of the inner ear’s electroconductivity (in terms of 
substructures and their electrical properties) could eventually lead to a more 
personalized and effective stimulation paradigm in vestibular implant patients. 
Furthermore, otolith structures should be included in the electrophysiological 
human models, to facilitate the electrode design, surgical approach and stimulation 
paradigm which are necessary for electrical stimulation of the otolith organs. 

This thesis demonstrates the importance of developing and implementing new 
diagnostic tools and treatment options in routine clinical practice. Moreover, an 
efficient and cost-effective approach to restore vestibular function using a vestibular 
implant will reduce patients’ suffering and socio-economic burdens on societies. This 
thesis and future projects will aim at developing, identifying, improving, and 
implementing efficient diagnostic tools and treatment options in practice, to 
improve quality of life in patients with vestibular hypofunction.  
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Chapter 2 describes a group of patients diagnosed with bilateral vestibulopathy 
(BVP) according to the Bárány Society diagnostic criteria. It was demonstrated that 
due to the heterogeneity of this disorder, different results are obtained with 
different vestibular tests. Therefore, it is imperative to standardize diagnostic tests 
and to obtain laboratory-specific normative values. In addition, it was shown that 
the caloric test and video head impulse test are most sensitive to detect vestibular 
function impairment. In contrast, the torsion swing test is more suited to measure 
the residual function. Finally, it was demonstrated that 76% of BV patients were 
eligible for vestibular implantation. Therefore, a thorough assessment of the 
vestibular function of all five end organs (two otoliths and three semicircular canals) 
is essential before vestibular implantation is possible. 

Chapter 3 shows that the electro-oculography (EOG) method can be potentially 
applied to perform the head impulse test. Comparison of simultaneously performed 
EOG and video-oculography (VOG) during testing of horizontal saccades and during 
horizontal head impulse testing (HIT) showed a good concordance regarding 
recorded eye velocities in a group of healthy volunteers. The EOG method has 
several advantages over the VOG method, such as the absent phenomenon of goggle 
slippage and no pupil detection problems. Therefore, an EOG-based head impulse 
test device might be considered as an alternative to video HIT, especially in cases 
when pupil detection or goggle fixation is not possible. 

Chapter 4 presents a new and fast approach for testing motion perception in 
clinical practice. A six degrees of freedom motion platform was used to estimate six 
rotational (yaw left-right, pitch forward-backward, and roll left-right) and six 
translational self-motion perception thresholds (translations forward-backward, 
left-right, and up-down) within an hour. This test for vestibular perception showed 
comparable patterns in perceptual thresholds compared to more research-oriented, 
lengthy tests. This might pave the way for self-motion perception testing in clinic, in 
order to diagnose vestibular dysfunction, or to assess effects of therapy (e.g., 
rehabilitation, vestibular implant) on self-motion perception. 

Chapter 5 compares two clinical approaches for assessing self-motion 
perception: the 2-option and 12-option approach. The thresholds measured using 
the 2-option paradigm were lower than those measured with the 12-option 
paradigm, most likely because of the higher chance of guessing in the first case (8% 
vs. 50%, respectively), although the additional psychometric influence cannot be 
ruled out. These findings imply that each approach to assess self-motion perception, 
should have its own normative values. 

Chapter 6 shows the morphometric parameters of the semicircular canals in the 
guinea pig and rat. The obtained 3D models of the bony labyrinths can serve as a 
basis for precise morphometric measurements and future finite element modeling. 

Chapter 7 presents the electrical impedance measurements in the guinea pig 
inner ear in vitro and its simulation using the equivalent circuit model. The most 
significant physical phenomena determining the electrical impedance of the inter-
electrode space where quantified: electrode polarization (electrical double layer) 
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and medium polarization (alpha-dispersion at low frequencies due to cell 
membranes and tissue-tissue interface). Electrical double layer properties were 
identified in a saline solution experiment. The Randles equivalent circuit was fitted 
to the measured impedance and was used for simulating the propagation of the 
electrical pulses through the inner ear tissues. The capacitive effects present in the 
interelectrode space distorted the voltage pulses passing the interelectrode space, 
which might hinder electrical stimulation of vestibular afferents. 

Chapter 8 demonstrates another approach for modelling electro-conductivity 
of the inner ear, including two compartments (the bony labyrinth and the temporal 
bone) and using the 3D Finite Element approach. It was shown that the FEM 
approach matched the previously measured impedances (Chapter 7) relatively well 
using the “grid search algorithm”, although the “least squares method” applied in 
the equivalent circuit model eventually showed a better fit. However, in contrast to 
the equivalent circuit model, the FEM approach provided more detailed information 
on the electrical potential distribution, e.g. for each neural branch separately. 
Furthermore, it was found that the presence of the temporal bone surrounding the 
bony labyrinth, significantly influences the electrical parameters of the whole 
system, when the bony labyrinth is stimulated. Not only the conductivity, but also 
the permittivity properties of the tissues are essential for accurate simulations of the 
electrical current propagation through the inner ear tissues. Eventually, from a 
clinical perspective, the electrical impedances measured between electrodes in the 
vestibular organ are the crucial parameters determining whether electrical 
stimulation will result in the desired neural response. 
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Figure 1. Vestibular Ocular Reflex (VOR) gain of all six semi-circular canals 
measured with the video Head Impulse Test (vHIT) in center 1. Each box plot 

represents the 25 to 75 percentiles and bold black lines the median.  
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Table 1. The vestibular reflex tests performed in each center. (vHIT = video Head Impulse Test, cVEMP = cervical vestibular evoked 
myogenic potential, oVEMP = ocular vestibular evoked myogenic potential). 

 
Caloric 
test 

Torsion swing test vHIT cVEMP oVEMP 

0.1 Hz 0.05 Hz 
Horizont
al 

Anterior Posterior   

Center 1 
(n=50) 

+ +  + + + + + 

Center 2 
(n=58) 

+  + + + + +  

Center 3 
(n=65) 

+   +     
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Figure 2. Vestibular Ocular Reflex (VOR) gain of all six semi-circular canals 
measured with video Head Impulse Test (vHIT) for center 2. Each box plot 

represents the 25 to 75 percentiles, bold black lines the median, dots the outliers 
and asterisks (*) illustrate statistically significant differences.  
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Table 2. Statistical results from pairwise comparisons between the six semi-circular 
canals of all three centers combined and per center separately (center 1 and 2) 
using post-hoc Dunn test with Benjamini Hochberg correction for multiple testing. 
Significant p-values are shown in bold font. (LA = Left Anterior, RA = Right Anterior, 
LH = Left Horizontal, RH = Right Horizontal, LP = Left Posterior, RP = Right Posterior) 

 

All 3 centers Center 1 Center 2 

Z p-value Z p-value Z p-value 

LA - LH 3,520 0,002 1,845 0,325 3,365 0,003 

LA - LP 1,244 0,291 1,110 0,445 0,622 0,572 

LH - LP -2,101 0,067 -0,718 0,591 -2,689 0,018 

LA - RA -1,053 0,366 0,302 0,817 -1,611 0,146 

LH - RA -4,671 <0.001 -1,539 0,31 -4,958 <0.001 

LP - RA -2,282 0,048 -0,808 0,571 -2,205 0,052 

LA - RH 3,235 0,004 2,852 0,065 2,703 0,021 

LH - RH -0,328 0,857 1,023 0,459 -0,668 0,582 

LP - RH 1,819 0,115 1,724 0,318 2,037 0,069 

RA - RH 4,388 <0.001 2,545 0,082 4,302 <0.001 

LA - RP 2,895 0,009 1,664 0,288 2,408 0,034 

LH - RP -0,29 0,827 -0,155 0,877 -0,935 0,437 

LP - RP 1,629 0,155 0,554 0,669 1,752 0,120 

RA - RP 3,932 <0.001 1,362 0,371 3,997 <0.001 

RH - RP -0,005 0,996 -1,161 0,461 -0,273 0,785 

 

Table 3. Kruskal-Wallis H test results for comparison of median vestibular test 
results for caloric test, torsion swing test and 3D-video Head Impulse Test between 
etiologies. Significant p-values are shown in bold font. (X2 = Chi-squared statistic, Df 
= Degrees of freedom, vHIT = video Head Impulse Test) 

  X2 Df p-value 

Etiology – Caloric test center 1 4.685 6 0.585 

center 2 6.557 8 0.585 

center 3 11.004 7 0.138 

Etiology – Torsion swing test center 1 3.213 6 0.782 

center 2 21.83 9 0.009* 

Etiology – vHIT Anterior All 3 centers 14.434 9 0.103 

center 1 2.142 6 0.906 

center 2 17.234 9 0.045* 

Etiology – vHIT Horizontal  All 3 centers 32.389 9 <0.001* 

center 1 5.623 6 0.467 
center 2 17.387 9 0.043* 
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center 3 24.491 7 <0.001* 

Etiology – vHIT Posterior All 3 centers 16.047 9 0.066 

center 1 4.564 6 0.601 

center 2 17.670 9 0.039* 

* Significant results from Kruskal-Wallis H test were further analyzed with pairwise 
comparisons using post-hoc Dunn test with Benjamini Hochberg correction for multiple 
testing, shown in table 4.  
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Table 4. Statistical results from pairwise comparisons of torsion swing test results from center 2, horizontal vHIT results from all 
three centers, 3D vHIT results from center 2 and horizontal vHIT results from center 3, between different etiologies using post-hoc 
Dunn test with Benjamini Hochberg correction for multiple testing. Significant p-values are shown in bold font. (vHIT = video Head 
Impulse Test) 

 

Torsion 
swing test 
center 2 

Horizontal 
vHIT 
all 3 centers 

Anterior 
vHIT center 
2 

Horizontal 
vHIT center 
2 

Posterior 
vHIT center 
2 

Horizontal 
vHIT center 
3 

 Z 
p-
value Z 

p-
value Z 

p-
value Z 

p-
value Z 

p-
value Z 

p-
value 

Autoimmune - 
Congenital  

-
1,651 0,371 

-
0,037 1,000 0,412 1,000 

-
0,064 0,971 

-
0,513 0,804 1,204 0,376 

Autoimmune - 
Genetic 

-
0,555 0,723 1,096 0,372 1,136 0,823 0,341 0,868 

-
1,012 0,610 - - 

Congenital - 
Genetic 1,730 0,418 1,145 0,378 0,568 0,987 0,430 0,883 

-
0,305 0,900 - - 

Autoimmune - 
Idiopathic 

-
1,232 0,491 

-
0,231 0,897 0,659 0,997 0,252 0,901 

-
0,977 0,592 1,174 0,374 

Congenital - 
Idiopathic 1,011 0,540 

-
0,181 0,918 0,101 0,985 0,338 0,848 

-
0,282 0,898 

-
0,386 0,784 

Genetic - Idiopathic 
-
2,007 0,336 

-
3,096 0,022 

-
1,259 0,721 

-
0,233 0,895 0,051 0,981 - - 

Autoimmune - 
Infectious 

-
1,726 0,380 

-
0,020 0,984 

-
0,048 0,984 

-
0,689 1,000 

-
1,680 0,299 1,620 0,268 

Congenital - 
Infectious 0,489 0,760 0,028 1,000 

-
0,601 0,986 

-
0,603 0,983 

-
0,991 0,603 0,388 0,814 
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Genetic - Infectious 
-
3,183 0,065 

-
2,079 0,121 

-
3,005 0,119 

-
2,734 0,094 

-
1,792 0,299 - - 

Idiopathic - 
Infectious 

-
1,218 0,478 0,426 0,773 

-
1,645 0,500 

-
2,201 0,312 

-
1,671 0,266 1,161 0,362 

Autoimmune - 
Menière’s Disease 

-
0,959 0,524 

-
1,096 0,384 0,019 0,985 0,000 1,000 

-
1,715 0,324 0,125 0,900 

Congenital - 
Menière’s Disease 1,063 0,518 

-
1,052 0,388 

-
0,486 0,973 0,078 0,981 

-
1,086 0,567 

-
1,598 0,257 

Genetic - Menière’s 
Disease 

-
0,880 0,550 

-
3,459 0,008 

-
1,841 0,492 

-
0,568 0,917 

-
1,508 0,348 - - 

Idiopathic - 
Menière’s Disease 0,270 0,908 

-
1,583 0,232 

-
1,024 0,860 

-
0,404 0,883 

-
1,474 0,351 

-
2,185 0,101 

Infectious - 
Menière’s Disease 1,067 0,559 

-
1,690 0,195 0,108 1,000 1,090 0,730 

-
0,314 0,917 

-
2,495 0,071 

Autoimmune - 
Mixed 

-
2,126 0,503 

-
1,163 0,380 

-
0,397 0,973 

-
0,984 0,770 

-
1,886 0,296 - - 

Congenital - Mixed 
-
0,220 0,885 

-
1,133 0,373 

-
0,872 0,957 

-
0,910 0,816 

-
1,293 0,420 - - 

Genetic - Mixed 
-
2,762 0,129 

-
2,178 0,110 

-
2,221 0,296 

-
2,107 0,316 

-
1,705 0,305 - - 

Idiopathic - Mixed 
-
1,731 0,470 

-
1,234 0,376 

-
1,528 0,569 

-
1,910 0,316 

-
1,678 0,280 - - 

Infectious - Mixed 
-
1,004 0,526 

-
1,346 0,321 

-
0,557 0,963 

-
0,612 1,000 -0,69 0,669 - - 

Menière’s Disease - 
Mixed 

-
1,639 0,350 

-
0,478 0,749 

-
0,556 0,930 

-
1,320 0,600 

-
0,362 0,897 - - 
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Autoimmune - 
Neurodegenerative 

-
1,905 0,365 1,918 0,155 0,229 0,996 0,533 0,891 

-
1,424 0,366 2,459 0,065 

Congenital  - 
Neurodegenerative 

-
0,254 0,878 1,957 0,151 

-
0,183 0,986 0,596 0,953 

-
0,910 0,583 1,471 0,282 

Genetic - 
Neurodegenerative 

-
2,081 0,421 1,450 0,276 

-
0,821 0,927 0,396 0,842 

-
0,948 0,572 - - 

Idiopathic - 
Neurodegenerative 

-
1,356 0,438 3,017 0,023 

-
0,349 0,962 0,469 0,871 

-
0,951 0,591 2,923 0,032 

Infectious - 
Neurodegenerative 

-
0,830 0,555 2,608 0,045 0,355 0,985 1,404 0,555 

-
0,230 0,898 1,326 0,345 

Menière’s Disease - 
Neurodegenerative 

-
1,374 0,449 3,573 0,016 0,262 1,000 0,652 1,000 

-
0,029 0,977 3,893 0,003 

Mixed - 
Neurodegenerative 

-
0,073 0,942 2,742 0,039 0,661 1,000 1,599 0,412 0,243 0,909 - - 

Autoimmune - 
Toxic 

-
1,063 0,540 0,479 0,768 0,093 0,969 0,513 0,882 

-
0,438 0,850 1,902 0,178 

Congenital - Toxic 0,959 0,543 0,528 0,747 
-
0,411 0,988 0,591 0,924 0,191 0,910 0,665 0,644 

Genetic - Toxic 
-
1,075 0,578 

-
1,196 0,372 

-
1,703 0,499 0,398 0,864 0,856 0,588 - - 

Idiopathic - Toxic 0,085 0,953 1,579 0,224 
-
0,892 0,986 0,506 0,862 0,789 0,605 2,250 0,098 

Infectious - Toxic 0,888 0,562 0,91 0,467 0,237 1,000 1,978 0,359 1,898 0,371 0,300 0,823 
Menière’s Disease - 
Toxic 

-
0,147 0,925 2,483 0,059 0,106 1,000 0,726 1,000 1,805 0,320 3,428 0,009 

Mixed - Toxic 1,508 0,395 1,722 0,191 0,650 0,967 1,969 0,315 1,976 0,433 - - 
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Neurodegenerative 
- Toxic 1,270 0,483 

-
2,100 0,124 

-
0,187 1,000 

-
0,139 0,953 1,305 0,432 

-
1,306 0,335 

Autoimmune - 
Trauma 

-
0,631 0,699 1,750 0,190 1,365 0,705 1,209 0,638 0,181 0,896 1,843 0,183 

Congenital - 
Trauma 1,391 0,462 1,790 0,183 0,860 0,923 1,287 0,594 0,810 0,607 0,716 0,632 

Genetic - Trauma 
-
0,262 0,892 1,215 0,374 0,660 1,000 1,706 0,360 2,002 0,509 - - 

Idiopathic - Trauma 0,858 0,550 2,913 0,027 1,362 0,650 1,739 0,410 1,887 0,333 1,545 0,264 

Infectious - Trauma 1,636 0,327 2,464 0,056 2,439 0,331 3,183 0,065 2,970 0,134 0,416 0,825 
Menière’s Disease - 
Trauma 0,464 0,761 3,487 0,011 1,903 0,513 1,710 0,393 2,681 0,110 2,726 0,045 

Mixed - Trauma 2,055 0,359 2,617 0,050 2,258 0,359 2,849 0,099 2,760 0,130 - - 
Neurodegenerative 
- Trauma 1,702 0,363 

-
0,260 0,894 1,084 0,835 0,557 0,897 1,924 0,407 

-
0,812 0,583 

Toxic - Trauma 0,611 0,696 1,917 0,146 1,798 0,464 0,984 0,813 0,876 0,591 0,218 0,858 
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Figure 3. Vestibular Ocular Reflex (VOR) gain per etiology for all three pairs of semi-
circular canals (i.e. horizontal, anterior and posterior canals) measured with video 

Head Impulse Test, presented per center. Each box plot represents the 25 to 75 
percentiles, bold black lines the median, and dots the outliers. 
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Figure 4. The prevalence of patients in center 1 having bilaterally absent (red), 
unilaterally absent (green) or bilaterally present (blue) cVEMP and oVEMP 

responses.  
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Figure 5. The prevalence of patients in center 2 having bilaterally absent (red), 
unilaterally absent (green) or bilaterally present (blue) cVEMP responses.  

Table 5. Overview of all median test results with interquartile range (q1-q3) and Mann-
Withney U test statistics (W and p-value) for cluster 1 (n=30) and cluster 2 (n=15). 
Significant p-values are shown in bold font. (vHIT = video Head Impulse Test) 

 

Cluster 1 2 W p-value 

Caloric test (q1-q3) 0,00 (0,00-0,00) 5,00 (3,00-7,00) 395 <0.001 

Torsion swing test (q1-q3) 0,05 (0,02-0,11) 0,15 (0,09-0,27) 370.5 <0.001 

Horizontal vHIT (q1-q3) 0,30 (0,13-0,36) 0,56 (0,44-0,62) 416 <0.001 
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Anterior vHIT (q1-q3) 0,34 (0,23-0,46) 0,65 (0,54-0,70) 430 <0.001 

Posterior vHIT (q1-q3) 0,29 (0,15-0,45) 0,56 (0,44-0,63) 366.5 <0.001 

 

Table 6. Overview of bilaterally absent, unilaterally absent and bilaterally present 
cervical Vestibular Evoked Myogenic Potential (cVEMP) and ocular Vestibular Evoked 
Myogenic Potential (oVEMP) responses in cluster 1 (n=30) and cluster 2 (n=15) with 
Fisher’s Exact Test statistics. Significant p-values are shown in bold font.  

  cVEMP (n) oVEMP (n) 

Cluster 1 Bilaterally absent 14 24 
Unilaterally absent 10 4 
Bilaterally present 6 2 

Cluster 2 Bilaterally absent 6 10 
Unilaterally absent 1 1 
Bilaterally present 8 4 

Fisher’s Exact Test P value  0.044 0.212 
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Figure 6. The prevalence of patients meeting one (red), two (green) or three (blue) 
Bárány criteria per cluster (cluster 1, n=30 and cluster 2, n=15).  
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Figure 7. The prevalence (%) of different etiologies in cluster 1 (blue, n=30) and cluster 
2 (red, n=15). 

 

Table 7. Frequency distribution of different etiologies between cluster 1 (n=30) and 
cluster 2 (n=15) with Fisher’s Exact Test statistics.  

                           Cluster 1 
(n) 

Cluster 2 
(n) 

Menière’s disease 1 2 
Infectious disorders 5 3 
Ototoxicity 7 3 
Genetic disorders 5 1 
Idiopathic 10 6 
Autoimmune 1 0 
Congenital 1 0 

Fisher’s Exact Test p-
value 

0.854 





 

Appendix 2. Conductivity of the 0.9% NaCl saline 
solution 

The conductivity of saline solution (𝜎𝑠𝑎𝑙𝑖𝑛𝑒) can be estimated from its ionic 
compound by the Ohm’s law for electrolytes:  

𝑗 = 𝑧𝑛𝑒(𝑢+ + 𝑢−)𝐸 (1) 
where z is the ion charge, n – concentration, e is electron charge, 𝑢+ and 𝑢− are 

the motility of positive and negative ions respectively, E is the electric field strength. In 
its way, the motility can be found via  

𝑢 =
𝑧𝑒

6𝜋𝜂𝑟
 (2) 

where z is the ion charge, e is electron charge, 𝜂 is the liquid dynamic viscosity, and 
𝑟 is the ion radius. Apparently, comparing Ohm’s law for electrolytes (1) with Ohm’s law 
in differential form: 

𝑗 = 𝜎𝐸 (3) 
it is easy to see that the conductivity can be calculated as: 

𝜎 = 𝑧𝑛𝑒(𝑢+ + 𝑢−) (4) 
Concentrations of 𝑁𝑎+ and 𝐶𝑙− ions can be found using the molar concentration 

formula: 

𝐶𝑀 =
𝑚𝑁𝑎𝐶𝑙

𝑀𝑁𝑎𝐶𝑙 ∙ 𝑉
 (5) 

where 𝑚𝑁𝑎𝐶𝑙 is mass of dissolved NaCl, 𝑀𝑁𝑎𝐶𝑙 is the molar mass of NaCl molecule, 
V is the solution volume.  

For 0.9% NaCl solution there are 9 g of salt per 1 liter of water. The obtained value 
of 𝐶𝑀 for NaCl molecule is also true for each ion comprising it, since dissolution happens 
in equal halves. The necessary parameters for calculating the electrical conductivity of 
0.9% NaCl solution can be found in the table 2. 

Table 2. Constants for calculation of saline conductivity. 

Parameter Value Unit of measurement 

𝑧 1 1 

𝑟𝑁𝑎+ 0.98 ∙ 10−10 𝑚 

𝑟𝐶𝑙− 1.06 ∙ 10−10 𝑚 

𝜂𝑤𝑎𝑡𝑒𝑟 1 ∙ 10−3 𝑃𝑎 ∙ 𝑠 

𝑚𝑁𝑎𝐶𝑙 9 𝑔 

𝑀𝑁𝑎𝐶𝑙 58.44 𝑔/𝑚𝑜𝑙 

𝑉 1 𝑙 

𝑛𝑁𝑎 154 
𝑚𝑚𝑜𝑙

𝑙
(
𝑚𝑜𝑙

𝑚3
) 

𝑛𝐶𝑙 154 
𝑚𝑚𝑜𝑙

𝑙
 (

𝑚𝑜𝑙

𝑚3
) 

As the result 𝜎𝑠𝑎𝑙𝑖𝑛𝑒 = 2.216 𝑆/𝑚.





 

Appendix 3. Frequency composition of a typical 
biphasic cathodic-first square pulse used in 

implants 
EXPERIMENTAL 

The signal was recorded by DRIB VI research setup in UM at a sampling frequency 
𝐹𝑠 = 20𝑘𝐻𝑧, which corresponds to 50 us sampling time (Figure 1). The assumption is 
that the electrical pulse rise time is about 1 usec. 

 

Figure 1. VI stimulation signal. Amplitude 1 mA, phase 200 us, repetition rate 400pps. 

According to the Nyquist sampling theorem the highest frequency that can be 
registered is a half of a given sampling rate. Therefore, the signal spectrum is present 
between 0 Hz and 10 kHz (Figure 2). 
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Figure 2. Fourier spectrum of the recorded signal: absolute magnitude vs frequency. 
The maximum amplitude frequency is 1799.34 Hz. 

The energy of the signal was calculated as a square of the amplitude. The 
cumulative sum was then calculated over the frequency (Figure 3). 95% of the signal 
energy is contained below 7.4 kHz. Therefore, is it crucial to investigate the electrical 
properties of the inner ear in a relatively low frequency range below 10 kHz. 
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Figure 3. Cumulative power spectrum (CPS) of the recorded signal. Vertical line 
indicates the frequency containing 95% of the signal energy, which is approximately 

located at 7.3 kHz. 

THEORETICAL APPROACH 

The rectangular pulse with the 200us phase and total duration of 2.1 ms (which 
roughly corresponds to 400 pps) was formed in Matlab as a piecewise (analytical) 
function (Figure 4). The rise and decay were set at 1 us tangent of a slope. The pulse 
was digitalized at a sampling frequency 𝐹𝑠 = 1 𝑀𝐻𝑧. Since pulse amplitude does not 
play any role in spectrum analysis, it was set to be equal to 1. 
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Figure 4. The rectangular biphasic (200us per phase) negative-first pulse plotted at the 
sampling frequency of 1MHz and resulting in 2001 data point. 
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Figure 5. Fourier spectrum of the theoretical signal: absolute magnitude vs frequency. 
The maximum amplitude frequency is 1999.34 Hz. 
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Figure 6. Cumulative power spectrum (CPS) of the theoretical signal. Vertical line 
indicates the frequency containing 95% of the signal energy which is approximately 

located at 14.5 kHz. 

The longer phase duration will result in shifting the first (and the biggest) peak in 
Fourier spectrum in a range of lower frequencies. 



 

 Abbreviations  
All abbreviations are mentioned separately in their chapters. 
Mostly used abbreviations are (in alphabetical order): 

ASCC Anterior semicircular canal 
BVP Bilateral vestibulopathy 
CT Computed tomography 
cVEMP Cervical vestibular evoked myogenic potential 
EDL Electrical double layer 
EOG Electro-oculography 
FEM Finite element model 
HIT Head impulse test 
LSCC Lateral semicircular canal 
NRMSE Normalized root mean square error 
oVEMP Ocular vestibular evoked myogenic potential 
PSCC Posterior semicircular canal 
VHIT Video head impulse test 
VI Vestibular implant 
VOG Video-oculography 
VOR Vestibulo-ocular reflex 
VN Vestibular nerve 
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