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Abstract 

Background: Currently in clinical practice and research involving the human vestibular system, an 

electrodynamic exciter called the B&K 4810 Minishaker is used to elicit the ocular Vestibular 

Evoked Myogenic Potential (oVEMP). This is due to its high vibratory force output and flat 

frequency response. However, globally, this device is neither intended for use on humans nor is 

it an approved medical device. A bone vibrator called the B81 by RadioEar has been recently 

developed with a higher MPO and lower distortion than the clinic standard RadioEar B71. The aim 

of the present study is to compare oVEMPs from the Minishaker to the B81 and report the extent 

of statistical agreement and equivalence, in order to recommend whether the B81 could be used 

(or not) in clinical practice.  

Methods: Participants (healthy adult, n=16,) were tested with the B81 and the Minishaker at four 

calibrated vibratory force levels on the mastoid in a counter-balanced manner. Six participants 

were re-tested in order to define within-transducer variability. Grand average oVEMP traces in 

response to a 500 Hz tone (1-cycle) were generated. Bland-Altman plots were used to assess 

agreement between oVEMP parameters elicited from each transducer, and statistical equivalence 

testing was performed, focusing primarily on N10 and N10-P15 amplitudes. Secondary aspects of 

interest included the electrical artefact, the residual noise and signal-to-noise ratios, and the 

amplitudes of downstream VEMP response components in different time frames (17-25ms and 

25 -60ms). 

Results: A priori calibration of force outputs showed that the B81 and the Minishaker were 

matched to within 1 dB at two out of four stimulus settings (122 dB FL and 127 dB FL). oVEMP 

grand average traces overlaid matched closely with a mean N10 amplitude of 1.98 µV (± 3.49) and 

4.05 µV (± 5.60) for the B81 at 122 and 127 dB FL. The responses elicited from the Minishaker at 

these levels were 2.68 µV (± 3.54) and 4.23 µV (± 4.37) respectively. Agreement plot results show 

that the oVEMPs elicited from each transducer differed by 2% on average, with a range of +6% to 

-4%. Equivalence data showed oVEMPs were statistically significantly equivalent at both 122 dB 

FL and 127 dB FL (p value = 0.083, p =0.86).  

Conclusions: The B81 can be considered to elicit comparable oVEMPs to the Minishaker when 

calibrated for force output from the mastoid, when amplitude alone is considered. Further 

research could examine latencies, different frequencies, and different stimuli. 
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1  Introduction 

1.1 Overview 
The vestibular system is responsible for maintaining gaze stability, balance, and posture in 

mammals. Its peripheral sensory organs are located in the inner ear, which project afferent 

nerves centrally to the vestibular nuclei in the pons in the brainstem and to the cerebellum. 

The sensory portion of the vestibular system is made up from multiple different small organs, 

with the utricle being the main organ of interest for this thesis. Normally this organ detects 

linear acceleration, such as horizontal tilt of the head (i.e., acceleration due to gravity) or 

linear acceleration due to movement of the animal. However, the utricle can also respond to 

high intensity sound and vibrotactile stimulation, typically delivered at the forehead or 

mastoid bone.  

The response to sound and vibrotactile stimulation consists of myogenic responses 

from postural and extra-ocular muscles that are triggered by the utricle via the Vestibulo-

Spinal Reflex (VSR) and Vestibulo-Ocular Reflex (VOR). Thus, the presence of these reflexive 

myogenic responses offers a means to assess the status of utricle (and associated reflex 

pathways) diagnostically. This reflex response can be recorded from surface electrodes placed 

on the skin in proximity to the relevant postural or extra-ocular muscles. One muscle in 

particular has become closely associated with measurement in the clinical domain, namely 

the inferior oblique extra-ocular muscle, which contracts in response to utricular stimulation 

on the contralateral side. The resulting electrical potential has been given the response the 

name of ocular Vestibular Evoked Myogenic Potential (oVEMP). Clinically, the oVEMP 

contributes a key part of the vestibular assessment test battery that are on patients who have 

symptoms of dizziness, vertigo, and imbalance. This is because the oVEMP offers a means to 

evaluate utricular function independently of other vestibular receptors in the inner ear. As a 

result, the oVEMP has assumed particularly prominent roles in diagnosis of common 

vestibular disorders such as Meniere’s disease, vestibular nerve neuritis and superior canal 

dehiscence.  

One topic of interest concerns the transducers used to deliver sound or vibratory 

stimuli to the utricle. Typically, bone-conducted vibrations (BCV) are used, via transducers, 

placed on the skin surface. As the transducer vibrates, the energy passes through the skull 

and activates the utricle(s). A range of different transducers have been used both in research 
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settings and clinical practice, with one device in particular being widely considered the gold-

standard: the Minishaker 4810 by Brüel & Kjær. This device is effective in eliciting oVEMPs at 

the required vibratory frequencies as it has sufficient power output to activate the utricle(s); 

but it has several major limitations. Firstly, it is not an approved medical device (rather it is 

designed for vibration testing of small objects and calibrating accelerometers). This means 

that it lacks the usual safety features associated with electrical devices that are used on 

patients, such as electrical grounding and construction from non-conductive materials.  

Secondly, it weighs 1.1kg, which makes it cumbersome to use for a sustained amount of time 

i.e., positioning it against a patient’s mastoid or forehead. Thirdly, it is expensive and requires 

extra equipment to run such as an added amplifier. The combination of these three reasons 

means there is a limit the number of clinics which will have the Minishaker set up that is 

required to routinely test oVEMPs. 

Radioear offer bone vibrators for audiometric purposes, and these do have regulatory 

approval for routine use on patients. The classic model is the B71, which is well-suited for 

audiometric use.  Despite this, it lacks the required maximum power output to reliably elicit 

oVEMPs. The B71 also has high harmonic distortion when producing vibrations at low 

frequencies that are optimal for oVEMPs. However, Radioear recently introduced a new bone 

vibrator, named the B81.  The B81 bone vibrator is designed to have a higher maximum power 

output than the B71, and to have less distortion at lower frequencies. Therefore, it has the 

potential to reliably elicit oVEMPs. This transducer is also similar in size to the B71, weighs 

less than the Minishaker, is considerably cheaper, and does not require additional equipment. 

Furthermore, unlike the Minishaker, the B81 transducer can be used in its primary 

audiometric purpose (hearing testing), giving it another advantage in principle over the 

Minishaker in being a in being a dual purpose device.  

Currently, there is limited evidence on the effectiveness of the B81 device in eliciting 

oVEMPs. Such data is necessary in order to support informed decision-making on whether to 

recommend the B81 for routine clinical as well as research use. Therefore, the primary aim of 

this thesis is to investigate the performance of the B81 in eliciting oVEMP. Response 

amplitudes and other relevant parameters were compared between oVEMPs elicited by the 

B81 and the gold-standard B&K 4810 Minishaker using a repeated-measures design in a single 

cohort of healthy adults.  
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The following literature review provides an overview of the oVEMP and descriptions 

of the anatomical and physiological descriptions and functions. The review will then evaluate 

current research which has investigated various transducers used to deliver vibratory stimuli 

to the inner ear for oVEMP measurement. This will highlight limitations in the current 

literature and will justify the rationale for the present research.  The present thesis seeks to 

conduct a performance evaluation between the B&K Minishaker and the RadioEar B81 bone 

vibrator. 
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1.2 Vestibular Anatomy 
1.2.1 Peripheral Vestibular System 
The inner ear is comprised of soft-tissue structures held within the membranous labyrinth, 

which is within the bony labyrinth. The bony labyrinth is a series of channels and cavities in 

the temporal bone of the cranium.  The anterior region of the inner ear is known as the 

cochlea and is related to detection of sound, whereas the posterior region contains the 

vestibule and the semi-circular canals (see Figure 1, below). The vestibule is involved in 

detection of movement of the head and balance.  (Bronstein et al., 2015; Colebatch & 

Rosengren, 2019; Khan & Chang, 2013).  

 

Figure 1. Schematic of the middle and inner ear, and peripheral VIII nerve innervation 

The inner ear is coloured in yellow and blue (yellow = bone, blue = fluid) and includes the vestibular organs and the cochlea. 
The middle ear bones and the tympanic membrane are shown in pink. Nerves are shown in orange.  

The peripheral vestibular system in each ear contains five sense organs contained 

within the vestibule. These are the utricle, the saccule and three semi-circular canals. The 

utricle and the saccule are collectively referred to as the otolithic organs. Both utricle and 
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saccule are involved in sensing linear acceleration in all directions but when the individual is 

standing upright, the utricle predominantly senses accelerations forwards and backwards, 

and to the left and right; with the saccule predominantly sensing upwards and downwards 

acceleration. This includes gravity, which is constant linear acceleration. Linear movement 

involves a translation, and this can be accelerations that are forwards or backwards, to the 

left and right, or up and down (Colebatch & Rosengren, 2019). 

1.2.2 The Otolithic Organs 
The saccule has about 18,000 sensory receptors arranged in a sheet called the macula, and 

about 4000 afferent nerves. The utricle has around 33,000 sensory receptors and around 5000 

afferent nerves (Curthoys et al., 2018). The otoliths are both comprised of flat sheets of tissue 

with a slight curve. These tissue sheets are called maculae. There are three layers in each 

macula. The main two layers are the neuroepithelial layer (NEL) which is imbedded in the 

skull; and the otoconial layer (OL). The NEL is the cellular layer that contains the receptor hair 

cells and supporting hair cells. On the NEL lies the compact gel layer and the column filament 

layer, followed by the OL as the top layer (Dunlap & Grant, 2014). The receptor cells in the 

NEL have stereocilia which project upwards (Curthoys et al., 2018). The middle portion of the 

compact gel and column filament layer is sometimes collectively referred to as the shear layer 

(Dunlap & Grant, 2014; Grant & Curthoys, 2017). A schematic is displayed in Figure 2 and 

Figure 4. 

 

Figure 2. Schematic of otolithic organ showing the three layers, sensory cells and otoconia 
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On the surface of the macula there is a special membrane which has a consistency 

similar to gelatine. This is called the otolithic membrane. The membrane contains calcium 

carbonate crystals known as otoconia. From these otoconia stems the collective name 

otoliths, a Greek translation of ‘ear rocks.’ The presence of the otoconia in this membrane 

increases the density of the membrane relative to the fluid surrounding it. This means that 

when the head accelerates linearly, inertia causes the otolithic membrane to move relative 

to the underlying NEL. This deflects the stereocilia of the hair cells relative to the macula and 

thereby enables the movement to be transduced into a neural signal (Khan & Chang, 2013), 

as illustrated in Figure 3. 

 

Figure 3. Schematic of otolithic organ tilting. 

In some species, the otolithic organs are the primary sense organ responsible for 

detecting acoustic energy.  This is thought to be because the otoliths (in particular the saccule) 

are responsible for hearing in lower vertebrates, but over time have evolved for a different 

primary function in divergent species such as humans (Welgampola & Colebatch, 2005). For 

example, the saccule detects sound in fish (Zhou & Cox, 2004). In humans the saccule and the 

utricle both retain some vestigial sense to sounds, particularly to high intensity sound energy.  
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Figure 4. Orientation of the utricle and saccule in space and the different utricle layers. 

The arrows on the smaller schematic of the saccule and the utricle represent the polarisation of the hair cell activation 
relative to the striola. 
 

1.2.3 Hair Bundles 
The vestibular sensory cells are referred to as hair cells, as these cells have ‘hair bundles.  The 

hair cells are mechanoreceptors. Hair-like projections from the cell are structures called 

kinocilium and stereocilia (collectively cilium). Kinocilium is a long tube-like appendage made 

of a protein called tubulin. Stereocilium are similar to kinocilium but are shorter and more 

abundant. The stereocilia are arranged in height order from tallest to smallest, with the tallest 

closest to the kinocilium (Khan & Chang, 2013). 

The striola is a dividing line along each macula through the otolithic organs which is 

defined by the orientation of the hair cells bundles. There are more shorter and stiffer cilium 

in the cells straddling the striola (Curthoys et al., 2018). The striola is angled differently in the 

utricle and the saccule in order for these organs to detect acceleration in different planes (see 
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Figure 4, above) The utricular striola has a semi-circular shape whilst the saccular striola has 

a sigmoidal shape (Uchino et al., 1999).   

The striola organisation means that different patterns of polarisation can be achieved 

based on the direction that the kinocilium are deflected (Curthoys et al., 2018; Uchino et al., 

1999). To increase sensitivity and fine tuning to linear forces, there is a push/pull effect that 

occurs across the striola between the cells on either side. This is called cross-striola 

reciprocation, where hair cells on one side of the striola are depolarised by the same 

movement of the otoconial layer that causes hair cells on the other side to become 

hyperpolarised. This push/pull effect also occurs between the pairs of the otoliths in each ear 

and the effect tends to be stronger in the utricle than in the saccule (Goldberg, 2000; Uchino 

& Kushiro, 2011; Uchino et al., 1999). A ‘jerk’ is a type of linear movement where the 

acceleration changes over time. The otolithic neurons which innervate the striola of the 

macula, are particularly sensitive to ‘jerk’ motions (Iwasaki et al., 2008; Jones et al., 2011). 

1.2.4 Receptor Cells in the Otolithic Organs 
There are two known main types of hair cells in the otolithic organs. These are type 1 and 

type 2 hair cells. Type 1 receptor cells are shaped like amphora vases. Type 1 receptor cells 

have neurons enveloping the cell body (a nerve calyx). These type 1 cells and their associated 

nerve fibres have irregular resting discharge rates (Curthoys et al., 2018). Neurons in the 

vestibular nerve, at rest (stereocilia in neutral position) tend to exhibit a tonic rate of nerve 

firing that is non-uniform. Type 2 receptor cells are cylindrical shaped cells.  (Curthoys et al., 

2018) These cells have regular (i.e., uniform) resting discharge afferent neurons synapsing to 

them, with a smaller synaptic connection than the type 1 cells. Both cell types and associated 

synaptic arrangements are depicted in  Figure 5.  
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Figure 5. Schematic of the vestibular hair cells  

Tip links and gated ion channels are located at the top of the stereocilia. When the 

head tilts, these gates are opened by the stretching of the tip links, allowing potassium to flow 

into the cell (see Figure 6). This creates a depolarisation of the cell (as potassium has a positive 

charge). This depolarisation causes a calcium-regulated cascade and release of 

neurotransmitter molecules into the synaptic cleft, ultimately leading to action potentials in 

the associated vestibular nerve. The reverse can also occur, meaning that instead of 

depolarising the ion channels close, the cells hyperpolarise, and the nerve firing rate reduces 

(Khan & Chang, 2013). 
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Figure 6. Hair cell tip links 

Phase locking is a pattern of neuron activation that is relevant for higher frequencies 

of vibration or sound (Curthoys et al., 2018). For each cycle of the stimulus, the afferent 

neurons are stimulated but will only fire an action potential when a particular phase angle 

occurs (i.e., a particular point in the cycle). This arises from the movement of the macula 

(Curthoys et al., 2018).  

1.2.5 Innervation of the Utricle 
The nerves from the vestibular sensory organs come together to form the vestibular ganglion. 

The vestibular nerve (the 8th cranial nerve) has two sections: inferior and superior (Uchino et 

al., 1999). The superior canal cupula, horizontal canal cupula (from the SCC) and utricle 

maculae nerves form the superior division of the ganglion; whilst the saccule and posterior 

canal nerves form the inferior portion (Curthoys, 2010; Khan & Chang, 2013).  This nerve 

transmits peripheral information from the sensory organs to the vestibular nuclei located in 

the brainstem.  

1.2.6 Central Vestibular Anatomy 
The vestibular nerve combines with the cochlear nerve and forms the vestibulocochlear (VC) 

nerve. The VC nerve travels through the internal auditory canal with the facial nerve, nervus 

intermedius and the labyrinth artery (supplies blood to the vestibular labyrinth) through the 

petrous temporal bone of the skull to the posterior fossa. From here the nerve enters the 

brainstem at the pontomedullary junction. In the brainstem the vestibular nerve separates 
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out again and projects to different vestibular nuclei (Colebatch & Rosengren, 2019; Khan & 

Chang, 2013) as illustrated in Figure 7. 

 

Figure 7. Central Vestibular System Anatomy. 

Connections from the peripheral vestibular system project via afferent nerves to the 

brainstem and directly to the cerebellum. From these two locations, there are connections to 

the oculomotor nuclei, reticular formation and to the spinal cord (Colebatch & Rosengren, 

2019). 

1.2.7 Vestibular Ocular Reflex  
The vestibular ocular reflex (VOR) is an important neural pathway which is responsible for 

maintaining visual stability. The result of this reflex is gaze stabilisation which enables images 

to remain clear whilst the head moves (Crampton et al., 2021; Rubin & Daube, 2016). Bickford 

et al. (1964) were amongst the first to suggest that the vestibular system may function via a 

reflex arc. The primary organisation of the VOR is a small circuit, called a 3-neuron-arc (Uchino 
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& Kushiro, 2011). All the peripheral sensory organs — semi-circular canals and both otolithic 

organs - project to the VOR. The 3-neuron arc is made of a primary afferent travelling in 

Scarpa’s ganglion (also called the vestibular nerve), a vestibuli nucleus neuron in the Ponto-

medullary region, and oculomotor neuron in the III, IV or VI nuclei in the brainstem. The 

vestibular neuron involved is usually on the same side of the labyrinth which is sending 

excitatory information to the oculomotor neuron on the contralateral side, and inhibitory 

projections to the ipsilateral oculomotor neuron (Bronstein et al., 2015). A portion of the 

utricle and saccule associated neurons also travel to the lateral vestibular spinal tract (LVST).  

The lateral nuclei projects to the trunk and limb extensors to help maintain posture (Khan & 

Chang, 2013; Uchino & Kushiro, 2011). The basic pathway is shown in Figure 8, below. 

The vestibulocerebellum is a section in the cerebellum involved in monitoring 

vestibular input. It adjusts the gain of the VOR and regulates balance and eye movements. 

The flocculus is a small part of the cerebellum which is involved in the processing of the VOR 

signal. This is specific to the VOR, as the vestibulo-collic reflex (a reflex pathway involved in 

postural/head stabilisation similarly to the VSR) was not inhibited in studies of people with 

surgical destruction of the flocculus whereas the VOR was (Uchino & Kushiro, 2011). 

 

Figure 8. Utricle specific VOR pathway. 
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The VOR works alongside two other systems named the vestibulo-spinal and the 

vestibulo-collic reflex (VSR and VCR) (Crampton et al., 2021). The neurons in each system are 

classified based on their axon projections (Uchino & Kushiro, 2011). The axons of the 

vestibulo-spinal neurons travel to the lumbar spine and help maintain posture and body 

orientation in space. The vestibulo-collic reflex stabilises the head and neck (Crampton et al., 

2021). These are both organised in an equivalent three neuron system as the VOR (Uchino & 

Kushiro, 2011). The VOR functions by generating slow phase high velocity eye movements in 

the opposite direction to the head movement. The otolithic organs send action potentials 

along their afferent nerves in response to either linear motion, jerk movement or to sound. 

These also activate VOR arcs (Uchino & Kushiro, 2011). The function of these reflexive arcs is 

to maintain retinal image stability during head movements, the same function described 

previously (Jombik et al., 2011) 

 When the VOR pathway is activated by sound, there are small time-locked eye 

movements caused by contractions in the extra-ocular muscles which can be recorded by 

surface electrodes (Weber & Rosengren, 2015). These muscle twitches are oVEMPs (discussed 

in Section 1.4, below). The utricle has stronger projections to the eyes than the saccule does 

– these are called utricular-ocular projections (Rosengren et al., 2019). Due to these 

projections, and the VOR pathway to the eyes, oVEMPs can be used to assess utricle function 

from the reflex impulses from the body of the ocular muscles. Prior to the discovery of VEMPs, 

it was difficult to identify the status of the otoliths and their function in patients with known 

VOR defects (Barratt et al., 1987). Thus, VEMPS are a key clinical diagnostic tool. Failure of 

the VOR to stabilise the gaze can present as oscillopsia (objects appear to be moving to the 

patient when in reality they are still), blurred vision (i.e. abnormal retinal slip), and associated 

dizziness, vertigo, sensations of swaying and balance problems (Bronstein et al., 2015; 

Crampton et al., 2021). 
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1.3 Discovery and History of VEMPs 
The discovery of the Tullio phenomenon (movement in response to intense sound) in animal 

studies was the initial finding that motivated a body of research into how the vestibular 

system could be stimulated by sound (Addams-Williams et al., 2014; Colebatch & Rosengren, 

2019; Kaski et al., 2012). After the discovery of the Tullio phenomenon, a vestibular 

dependent muscle response was identified by Bickford et al. (1964). These vestibular 

responses were discovered by accident whilst the researchers were looking for auditory 

evoked scalp potentials. Measurements were made by using surface electrodes to record 

small electrical responses from the body of a muscle, known as myogenic potentials. The 

responses were only recorded when the back of the neck (inion) muscle was contracted; and 

was present in patients with hearing loss - thus ruling out auditory system involvement - and 

absent in patients with vestibular loss.  

Colebatch and Halmagyi (1992) continued from these original studies and discovered 

what is known today as cervical Vestibular Evoked Myogenic Potentials (cVEMPs). However, 

instead of recording from the inion like the Bickford et al. (1964) study, they moved the 

recording sensors to overlie the sternocleidomastoid muscle (SCM) as the inion was 

unreliable. (Zhou & Cox, 2004). Recordings of cVEMPs were performed by using surface EMG 

(electromyography) and the response to the repeated stimuli was recorded over a set amount 

of time and averaged to show a waveform (Colebatch & Rosengren, 2019). An example is 

displayed in Figure 9.  

It was discovered that a small waveform could be recorded from the sternomastoid 

muscle (SCM) in response to a click sound at 100 dB intensity (unspecified dB scale) (Colebatch 

& Halmagyi, 1992). The patient under examination later had a vestibular nerve dissection on 

the right side, and the right-sided response disappeared whilst the left sided response 

remained unaffected. A similar pattern occurred in two subsequent patients with dissected 

vestibular nerves. The waveform was present in those with severe hearing loss and 

functioning vestibule, implicating vestibular not auditory system involvement. Thus, the 

response was determined to be representative of the vestibular system because the 

vestibular system is independent from hearing ability (Colebatch & Halmagyi, 1992; 

Rosengren et al., 2019).  Animal models with selective lesioning of different parts of the inner 

ear confirmed that this was a response from the otolithic organs, and not from the semi-
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circular canals (Murofushi et al., 1995). Colebatch and Rothwell (2004) found that this 

response was myogenic by using anaesthetic to block the muscle activity, creating smaller or 

absent responses these patients.  

 

Figure 9. A stereotypical cVEMP waveform response to air conducted high intensity sounds (95 dB nHL) to one ear. 
 

The recording electrodes were placed on the belly and tendon of the sternocleidomastoid muscle on the same side as the ear 
being stimulated. Then, the neck muscles are tensed by the patient turning the head while the sound stimuli are delivered. 
The cVEMP is characterised by an initial positive and subsequent negative peak, which arise with a latency around 13 and 23 
ms respectively, in otologically normal adults. 
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1.4 Ocular Vestibular Evoked Myogenic Potentials   
Ocular VEMPs were described about 10 years after this original cVEMP (Rosengren et al., 

2019; Todd et al., 2003). The Todd et al. (2003) study first recorded ‘non-middle latency 

responses’ via bone conduction stimulation and recorded via EMG; with an electrode 

montage in locations of the midline of the skull. The researchers again concluded that these 

responses could be of vestibular origin as they were present in participants who were 

profoundly deaf and absent in participants with no vestibular function. Another key point 

made in this study was that the responses had similar thresholds (the minimum stimulus level 

needed to trigger a response) to the already identified cVEMPs that the Colebatch and 

Halmagyi (1992) study had previously described. Todd et al. (2003) named them short latency 

vestibular evoked potentials (VsEP). At this stage, the researchers had not identified whether 

the responses were myogenic or neurogenic potentials; nor that the potentials originated 

from the extra-ocular muscles. Rosengren et al. (2005) speculated that as a patient with semi-

circular canal dehiscence (SCD) experienced oscillopsia during stimulation along with the 

responses recorded having extremely high amplitudes, that the VsEP was related to the 

vestibular system (Todd et al., 2003). This reasoning stems from the idea that SCD would be 

expected to cause abnormally large activation of the VOR; and consequently, abnormal 

movement of the eyes (Rosengren et al., 2005).  

Rosengren et al. (2005) discovered that the VsEPs were larger when electrodes were 

placed closest to the eyes, and that alteration of the gaze direction changed both size and 

shape of the waveform. This suggested that the activity of the extra-ocular muscles was 

having an impact on the recordings, which in turn supports the notion that the VsEPs were in 

fact myogenic in origin. The largest responses were when the surface electrodes were placed 

inferiorly to the eye, and the gaze was directed straight ahead and up (Rosengren et al., 2005). 

This fits with known anatomy of the VOR, since excitatory innervation from the utricle on the 

contralateral side causes contraction of the inferior oblique extra-ocular muscle. Upwards 

gaze maximises the contraction, leading to a larger myogenic response (Rosengren et al., 

2013). 

Todd et al. (2007) identified that VsEPs were in fact due to the VOR and stem from the 

extra-ocular muscles as the potentials were occurring before any eye movement occurred; 
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and the waveforms were not correlated morphologically with eye displacement. 

Furthermore, the recordings (around 0.2 µV in amplitude) were too small to be from 

conscious eye movement (Todd et al., 2007). From these findings, the authors suggested that 

the VsEPs were similar to the already known VEMPs (now known as cVEMPs). From these 

discoveries, the VsEPs were renamed as ocular vestibular myogenic potentials or oVEMPs. 

There was one participant in the cohort in the Todd et al. (2007) study who did not have an 

eyeball nor supporting eye muscles, and lacked any potentials being recorded, further 

supporting the supposed extra-ocular origin. Chihara et al. (2009) found that patients without 

extraocular muscles had no oVEMPs. The facial nerve was found to have no effect on oVEMPs, 

as all the patients with facial palsy had normal symmetry oVEMPs (Chihara et al., 2009). This 

shows that the extra-ocular muscles are important for the oVEMP.  

Another piece of evidence supporting the vestibular reflex theory was the short 

latency (less than 20ms) of the oVEMP (Zhou & Cox, 2004). The latencies of the oVEMPs are 

similar to evoked potentials found elsewhere in the body. Such as, the potentials from the 

forehead in response to rotational acceleration and to the VOR reflexes in other mammals 

(Rodionov et al., 1996). The oVEMP is also not a part of the ‘startle’ reflex as this occurs at 

50ms in response to a loud sound; nor is it voluntary, as conscious responses occur at 100 ms. 

(Zhou & Cox, 2004). Shorter latencies imply that it is a reflex as voluntary movements tend to 

have longer latencies.  

To confirm which eye muscle was responsible for the location potential, Weber et al. 

(2012) used needle electrodes inserted into each muscle separately, and found that the 

oVEMP waveform was the largest and most reproducible when placed in the body of the 

inferior oblique extra ocular muscle in contrast to the inferior rectus muscle, in close 

proximity (see Figure 10).  In summary, an oVEMP is a vestibular reflexive response recorded 

non-invasively from the skin surface and originates from the body of the IO muscle. Figure 11 

shows a typical oVEMP waveform. 
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Figure 10. Schematic of eye and surrounding extra-ocular muscles 

 

It is important to note that whilst the oVEMPs originate from the body of the extra 

ocular muscle (and recorded from the skin surface above), they are not from eye movement 

nor the associated muscle movement itself. However, muscle tension is involved in the 

presence and amplitude of the response (Todd et al., 2007; Zhou & Cox, 2004) When the 

patient is looking up, the oVEMP becomes larger. This is due to the increase in electrical 

(tonic) activity in the muscle from holding the gaze up, and to a lesser extent, from bringing 

the body of the IO muscle closer to the electrodes (Rosengren et al., 2019). The tonic activity 

of the muscle contributes the most to the “up gaze effect” on the oVEMP recording, whereas 

the displacement of the muscle has a much smaller contribution (Rosengren et al., 2013). This 

tonic activity adding to the output of the reflex is known as automatic gain compensation. 

Automatic gain compensation is a mechanism in a muscle where the output force of a reflex 

increases or decreases proportionally to the contraction of the muscle (Matthews, 1986). This 

means that the reflex (the VOR in this case) is able to stay the same relative size to the muscle 

contraction. A reflexive innervation that was not adjusted for by the tonic muscle contraction 

would otherwise be too small or too large (Rosengren et al., 2013). 
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Figure 11.  A stereotypical oVEMP waveform response to air conducted high intensity (95 dB nHL) sounds to one ear. 
  

The recording electrodes are placed near the belly and tendon of the inferior oblique extra-ocular muscle on the opposite side 
to the ear being stimulated. Then, the patient holds their gaze upwards while the sound stimuli are delivered. The oVEMP is 
characterised by an initial negative and subsequent positive peak, which arise with a latency around 10 and 15 ms 
respectively, in otologically normal adults. Longer latency components can sometimes also be observed, which may arise from 
other extra-ocular muscles or other sources such as auditory evoked potentials. 

The oVEMP is thought to be mediated by the otolithic afferent nerves in the superior 

portion of the vestibular nerve. The innervation pathway to the IO muscle is from the 

contralateral utricle (see  

Figure 12) and utricular neural projections to the inferior oblique eye are strong 

(Curthoys et al., 2018).  Due to this pathway (and that the saccule projections are stronger to 

the spinal cord than to the eyes) the oVEMP is thought to be more representative of the 

utricle function as opposed to the saccule  (Rosengren et al., 2019). There may be a small 

contribution from the saccule and the superior semi-circular canals, but if so this does not 

have a major influence on the oVEMP (Weber & Rosengren, 2015).  



New technologies in Ocular Vestibular Evoked Myogenic Potentials 

 

31 
 

 

 

Figure 12. Crossed pathway of the oVEMP reflex response from the utricle. 

Only one utricle pathway is shown. Midline of the body is indicated by the dashed line. Nerves connections are shown by the 
orange lines. 

VEMP waveforms are described by the different peaks recorded at specific time points 

after the onset stimulus. The overall shape of the potential is biphasic (Rosengren et al., 2019).  

The oVEMP exhibits a negative (excitatory) peak at 10ms (N10) and a positive (inhibitory) peak 

at 15ms (P15) forming the N10-P15 complex (Rosengren et al., 2011). Colebatch and Rothwell 

(2004) show that the recorded positivity corresponds to inhibition of the underlying motor 

unit, and the initial negativity corresponds to excitation of the motor unit. The N10 – P15 

occurs in tens of milliseconds after the stimulus, therefore the oVEMP is also called a short 

latency response (Weber et al., 2012). As this first peak is negative, this indicates that it is an 

excitatory myogenic potential (Iwasaki et al., 2008). The N10 is of most of interest 
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diagnostically because the following peaks despite being larger, are more variable and may 

overlap with (middle latency) auditory potentials, whilst the N10 latency is stable (Rosengren 

et al., 2011). The N10 in particular is a response from the inferior oblique muscle (Rosengren 

et al., 2019). 

That the oVEMP is of vestibular origin has been shown in several demonstrations. 

Firstly, it is absent in patients who have had their vestibular function destroyed by systemic 

gentamycin; secondly, it is not due to blink nor facial nerve function as these same patients 

had normal blink and facial nerve activity; and thirdly, the complex is present in patients with 

no hearing but normal vestibular systems (Iwasaki et al., 2007; Rosengren et al., 2019). An 

indication that the oVEMPs and cVEMPs originate from different vestibular organs has been 

shown by studies with patients having absent contralateral oVEMPs and present ipsilateral 

cVEMPs; and other patients having present oVEMPs and absent cVEMPs (Curthoys et al., 

2018; Weber & Rosengren, 2015). For example, in patients with superior nerve vestibular 

neuritis, the N10 of the oVEMP is greatly reduced whilst the P13-N23 of the cVEMP (which is 

associated with inferior nerve activity) is normal (Curthoys et al., 2009). 

Key diagnostic features include the response presence or absence, its threshold, its 

amplitude, and latency at suprathreshold stimulus levels, and interaural asymmetry (each 

discussed in section 1.8). 
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1.5 Mechanisms of Stimulation in oVEMPs 
1.5.1 Air Conduction  
When an air conducted (AC) sound occurs, the sound is introduced to the ear canal via a 

headphone and has to travel through the outer and middle ear system to the inner ear, and 

into the inner ear via the oval window. The majority of the sound energy is then shuttled 

anteriorly to the cochlear and detected as sound. However, at sufficient intensity, some sound 

energy is shunted to the vestibular system as the fluid impedance of the vestibule is 

overcome. If the sound is high enough in intensity, the wave can also deflect the vestibular 

hair cells of the saccule and utricle (Todd et al., 2007). This causes movement of the vestibular 

otoconia relative to the skull, or “acceleration mode” as described in Section 1.6.  

 Abrupt stimuli are needed to evoke a response (Curthoys, 2010). It is thought that 

high intensity air conducted sound creates shock waves in the inner ear fluid, which causes 

the vestibular hair cells to be deflected (Curthoys, 2010). Sound waves are able to travel 

through this system due to the compliant round window (and other points of compliance such 

as the cochlear aqueduct) – if the system of the inner ear was completely enclosed, no sound 

waves would be able to move through the fluid (Curthoys & Grant, 2015). When transmission 

does occur, the fluid waves then move through to the endolymphatic sac and to the cerebral 

spinal fluid via the cochlear aqueduct (Grieser et al., 2016; Iversen & Rabbitt, 2017). AC clicks 

specifically activate otolithic irregular afferents (Curthoys, 2010). This is primarily saccular 

afferents. AC sound produces an upward eye motion whereas bone conduction (BC) produces 

an eye reflex movement downwards (Todd, 2014). This suggests that AC and BC mediated 

stimuli could stimulate different end organ pathways.   

Due to the high impedance of fluid in the vestibule to sound, the intensity required 

for triggering oVEMPs via AC is close to the upper safe limit of sound exposure. Noise 

exposure is determined by the peak sound pressure level, and duration that the person is 

exposed to the sound. (In the case of VEMPs, this is a function of the number of repetitions 

of the sound to obtain sufficient diagnostic information). Noise dose is a daily amount of noise 

that a person can be exposed to, and is calculated as a total exposure to noise over the course 

of a day (Mattingly et al., 2015). Some clinical patients such as those with tinnitus and/or 

hyperacusis may not be suitable candidates for the procedure as a result of the required 

sound intensity.   
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AC oVEMP thresholds are usually around 126 -140 dB SPL (Colebatch & Rosengren, 

2019). In New Zealand and internationally, the maximum acceptable exposure to sound is 140 

dB peak SPL (Starck et al., 2003) Above this, the risk of instantaneous noise-induced hearing 

loss becomes unacceptably high (Mattingly et al., 2015). For oVEMPs, the AC stimuli needs to 

be close to these levels. For example, an AC click stimulus at an intensity of between 130 – 

140 dB peak SPL may be required (Hakansson et al., 2018). Mattingly et al. (2015) report a 

case of sudden bilateral hearing loss after cVEMP and oVEMP testing using a 500 Hz AC 3-ms 

tone burst and sound level pressure level of 128 – 135 dB peak SPL. The authors suggest that 

some susceptible ears may be instantly damaged by sound levels of 130 dB SPL and 

recommend that AC VEMP testing should never exceed 132 dB peak SPL, - and repetitions 

should be limited to minimise the noise dose. Krause et al. (2013) reported muffled hearing 

and auditory symptoms after AC cVEMP testing in 27% of their patients, but without a 

detectable shift in hearing sensitivity. However, there was an associated  decrease in DPOAE 

recordings in those patients, indicating some temporary damage had occurred to the outer 

hair cells of the cochlear (Krause et al., 2013) which returned to normal levels within 24 hours. 

However, this study used a 10ms duration stimuli for cVEMP testing, which is a longer 

duration than often used in VEMP studies and may have been the reason for the auditory 

symptoms. 

Other limitations of the AC delivery method include conductive hearing loss (CHL). A 

conductive loss is a pathology of the outer and/or middle ear that means sounds are not 

transferred efficiently (or at all) to the inner ear. This means the sound may not be intense 

enough to elicit a VEMP due to the conductive component attenuating the sound energy. If 

insufficient energy passes through to the vestibule, the results will be impossible to interpret 

(Curthoys, 2010). For example a CHL can completely diminish the AC oVEMP in otherwise 

healthy individuals (Weber & Rosengren, 2015) or it could cause an asymmetrical amount of 

attenuation in each ear, preventing meaningful interaural comparisons of VEMP thresholds 

and amplitudes. Conductive hearing losses do not, however, affect the bone conducted 

oVEMP at all (El Kousht et al., 2020). 
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1.5.2 Bone Conduction oVEMPs 
Bone conduction (BC) is performed using small electromagnetic transducers called bone 

vibrators which transmit vibration sinusoidally at particular frequencies. The vibrational 

energy transmits through particles in two phases – rarefaction and condensation. Rarefaction 

is when particles in the medium are pulled apart, and condensation is when particles are 

pushed together. This movement creates a longitudinal wave, but the individual particles do 

not move with the wave (Moore, 2013). The wave repeats itself (i.e., the oscillation of 

particles), and the rate at which this happens is the frequency of vibration. In the case of bone 

vibrators at low frequencies, the skull is accelerated one way or the other. 

Halmagyi et al. (1995) first showed that bone conducted vibrations (BCV) could elicit 

VEMPs with the same response characteristics (waveform morphology, and similar latency), 

as those elicited by air conducted vibrations. This was not explored fully until many years later 

until the Todd et al. (2003) study. Halmagyi et al. (1995) used a modified clinical hammer 

(normally used to test the patella reflex) and tapped the high forehead on the midline (Fz 

location). A tap on the forehead with a tendon hammer causes a change in linear acceleration 

of 0.4g at the mastoid (Curthoys, 2010). These taps were similarly effective as using AC stimuli 

for VEMPs, and effective for people with CHL, as well as producing typically larger amplitude 

responses than AC clicks (Halmagyi et al., 1995). These original BC oVEMPs are now referred 

to as tap oVEMPs.  

BCV works by transmitting a linear force through the bone via a mechanical process. 

Abrupt linear acceleration is a stimulus for which the otolithic irregular neurons are most 

sensitive, and which is ideal for oVEMP testing (Curthoys, 2010). A tap stimulation is a high-

jerk (or abrupt) stimulus and therefore can cause a strong activation of the otolithic afferent 

neurons (Curthoys et al., 2018; Curthoys et al., 2006). Whereas AC sound is measured in dB 

Sound Pressure Level (dB SPL i.e., dB re: 1 µPa), BC is measured in dB Force Level (dB FL i.e., 

dB re: 1 µN).  BC oVEMPs differ to AC oVEMPs because the sound travels directly through the 

skull to the vestibular system as opposed to through the middle ear system. This means that 

BCV does not need to overcome the high fluid impedance in the vestibule as AC stimulation 

does. Inside the macula itself, otoconia gel is so viscous that any hair bundle displacement via 

the fluid is the same net effect as fluid displacement via the hair bundles (BCV accelerometer 

model versus the AC seismometer model, see Section 1.6). The end result of the recorded 
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oVEMP is of the same physiological origin despite the different stimuli  although differences 

in amplitude can occur (Curthoys et al., 2018). Using BCV results in the ability to trigger 

oVEMPs at a lower vibration intensity than sound intensity (as the thresholds are lower) 

(Mattingly et al., 2015; Patterson et al., 2021). Some obvious advantages of this are reducing 

the risk of noise exposure (Rosengren et al., 2019), reducing loudness discomfort, and 

minimising contraindications for those with tinnitus and/or hyperacusis, which is common in 

patients with vertiginous disorders (Zagolski et al., 2021). 

Skull taps with a tendon hammer may not be the ideal means to stimulate oVEMPs 

(Rosengren et al., 2019). Firstly, this is because the tap is the equivalent of an auditory click 

(broadband) whereas a bone vibrator can deliver a range of different discrete vibratory 

frequencies, which can provide useful diagnostic information. Secondly, there is limited ability 

to calibrate for tap force and therefore it may be variable between clinicians or even from 

one tap to the next within a test, which makes interpretation of results problematic (Frohlich 

et al., 2021). Finally, the electronic tendon hammer is another item of specialised equipment, 

with the associated cost. Therefore, BCV devices where the dB FL output and frequency can 

be controlled are preferable. 

1.5.3 Bone Conduction via Bone Vibration Transducers 
Bone vibrators are specifically designed and calibrated devices that can perform vibration at 

differing intensities and frequencies. This is particularly relevant as the skull has different 

response patterns, depending on the vibration frequency and transducer position (Gelfand, 

2009). 
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Figure 13. Schematic of different skull vibration patterns based on stimuli frequency. 

The grey arrows show the direction of vibration when different frequencies are applied to the skull. The bone vibrator is placed 
in the same location of all three frequencies. 

When the bone vibrator is placed on the midline of the skull (see Figure 13, above), 

different vibration responses occur depending on the frequency. Below 200 Hz, the skull 

vibrates as one unit. At 800 Hz, the front and back sections vibrate in opposite phases. At 

1600 Hz and above, the skull vibrates in four separate quadrants (Gelfand, 2009). 

Compression and shear waves from the bone vibrator causes linear acceleration through the 

skull, (as depicted in Figure 12).  These pressure waves are detected and transduced by the 

otoliths into neural activity (Curthoys & Grant, 2015; Zhang et al., 2021).  

Older adults also may not be able to have oVEMPs elicited via AC. This could be due 

to some age-related detriment to the utricle or to any structure along the AC pathway, raising 

the threshold level and therefore requiring a higher stimuli level than the maximum 

acceptable AC intensity. AC VEMP thresholds normally occur at 127 to 130 dB SPL and 

increases in older patients (Clinard et al., 2020). The threshold for BC oVEMP is lower than AC 

oVEMP. Air conduction oVEMPs have been found to be consistently elicited at 125 dB peak 

SPL with a 500 Hz tone burst (100% response rate) up to 40 years old (Singh & Firdose, 2021). 

This dropped to 90% for 41 -50 years old, 56% for 51-60 years old and 41.25% for over 60-

year-olds, when 125 dB SPL used. To achieve oVEMPs via AC for these older adults, the 

intensity would need to be increased (Singh & Firdose, 2021). Hakansson et al. (2018) found 

that the BC thresholds at 250 and 500 Hz were, on average 26 dB lower than AC (when both 

viewed on the dB nHL scale).  Bone conduction is therefore a safer option when AC thresholds 

increase due to aging and become too high to test without risking hearing damage (Clinard et 
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al., 2020). Rosengren et al. (2011) found a significant moderate correlation with increasing 

age and decreasing oVEMP amplitude for AC clicks (r=-0.33, p=0.009) and BC tone bursts 

(r=0.41, p=0.001) but not for BC mastoid lateral pulses or forehead taps.  

Despite BC oVEMPs being safer (lower sound intensity required and lower thresholds) 

than AC, and able to elicit oVEMPs in more populations (elderly, patients with middle ear 

disorders or conductive losses) there is no established optimal stimuli or recommended 

clinical protocol (Rosengren et al., 2019). Bone conduction is also confirmed to act most 

strongly on utricle afferent nerves (Curthoys et al., 2006; Govender et al., 2015; Uchino & 

Kushiro, 2011).  However, there has been a recent surge in research on oVEMPs (potentially 

due to the increased interest in vestibular disorders and improved technology) and vestibular 

tests available which indicates there may be protocols and standardised techniques 

developed for bone conduction oVEMP in the near future (Dorbeau et al., 2021). 
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1.6 Accelerometer versus Seismometer: Patterns of Activation 
There are two suggested systems of utricular hair cell stereocilia displacement. These are 

called the accelerometer model and the seismometer model. Both an accelerometer and a 

seismometer are made of the same essential parts – a mass attached to a base via an elastic 

support – and this is analogous to the otolithic membrane attached to the stereocilia. 

However, an accelerometer and seismometer operate in different ways (Grant & Curthoys, 

2017). Accelerometers and seismometers are both slightly damped, which means the 

oscillating motion of the system is reduced. This is a two system analogy where the fluid in 

the inner ear (via AC) vibrating represents the accelerometer model; and the vibration of the 

bone surrounding the fluid (via BC) represents the seismometer model. 

1.6.1 Transducer Placement in relation to Otolithic Activation 
Typically, the high forehead by the hairline (Fz) location or either mastoid is stimulated (see 

Figure 15 & Figure 16, below). Key differences in these placements are that when the 

forehead is used, symmetrical vibratory stimulation reaches both vestibular systems 

simultaneously which results in similar N10 amplitudes from electrodes beneath each eye 

(Iwasaki et al., 2008). This force does not pass directly through the head mass, rather it creates 

a pitch distortive movement and; and creates an unnatural motion where the two skull halves 

are moving in opposite directions away from the midline (Todd, 2014). The linear motion of 

the skull via BCV is consistent with the activation of the utricle (Jombik et al., 2011). When 

the mastoid is used as a site of stimulation, the two vestibular systems are stimulated in a 

linear fashion, in the same plane. This is a more natural movement and more similar to a head 

translation. Therefore mastoid stimulation could be said to offer a more accurate 

representation of the utricle status (Todd, 2014). The response from the mastoid is 

asymmetrical in each utricle, resulting in different N10 amplitudes from electrodes beneath 

each eye (see Figure 15). A further benefit to stimulating the mastoid is that the devices can 

be attached to the standard audiometric headband (P-3333 by Brüel & Kjær) and placed prior 

to testing. 

1.6.2 Accelerometer versus Seismometer models 
An accelerometer is a lightly damped tool which measures acceleration via the mass moving 

relative to the base. Seismometers in contrast, measure the displacement of the base relative 

to the mass whilst the mass remains stationary due to its inertia. These relationships are 
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achieved by the accelerometer system having stiff elastic components and a small mass, and 

the seismometer system having a weaker spring and a large mass (Grant & Curthoys, 2017). 

These differences also mean that an accelerometer can measure frequency below their 

undamped natural (resonant) frequency; and the seismometer can measure frequency above 

their undamped natural frequency (Grant & Curthoys, 2017). When considering these 

principles relative to the vestibular system, the otoconia epithelial layer (OL) is the mass, the 

skull (the NEL) is the base and the gel layer comprises both the damping and the elastic 

portion of the accelerometer/seismometer model (Grant & Curthoys, 2017).  

Otolithic organs have low undamped natural frequencies which varies between 

species (Dunlap & Grant, 2014). For vibratory stimulation below this natural frequency, the 

otoliths function as accelerometers, and above this frequency they function as a 

seismometer. This translates to when the frequency is lower than the natural frequency, the 

OL (the ‘mass’) is being accelerated and the displacement of the OL is proportional to the 

stimulating acceleration. When the frequency is above the natural frequency, the OL remains 

stationary whilst the NEL (‘base’) is displaced (Grant & Curthoys, 2017). For example, during 

normal head motion up to 100 Hz, the utricle acts in accelerometer mode, with the NEL base 

moving and the otoconia lagging behind creating shear between the two. (Grant & Curthoys, 

2017). Air conducted stimuli also tends to cause the acceleration type of movement – as in 

the otolithic epithelial will move relative to the skull. This is due to the path AC sound takes 

travelling through to the vestibule. BC tends to cause the seismometer type of movement 

because it vibrates the skull bones. Seismometer mode means that as the NEL is embedded 

in the skull it will move relative to the otoconia. The relative movement is very small, likely 

50-80 nm for oVEMPs at 500 Hz (Grant & Curthoys, 2017). 
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Figure 14. Acceleration movement from air conduction.   

AC causes the OL to move relative to the skull. In this schematic, air conduction is shown arriving in a condensation phase. 
Arrows represent the movement of the otoconial gel layer. The positive symbols (+) show excitation (towards the kinocilium) 
and the negative (-) show inhibition (away from the kinocilium). 

 

Figure 15. Bone conduction on the mastoid showing seismometer mechanism of movement.  

The NEL base and skull move relative to the OL and gel layer. Both sides move when bone conduction is used. The black arrows 
represent the initial movement of the base relative to the otoconia. The red arrows show the initial movement of the gel lay 
and the deflection of the hair cell stereocilia. The positive symbols (+) show the hair cells that are excited in this movement 
and the negative symbols (-) show inhibition of the hair cells. 
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In Figure 15 the skull and the NEL move relative to the otoconia. This is opposite to 

the motion in Figure 14. AC rarefaction phase stimuli have the same net effect on the hair 

cells that a BC stimulus arriving initially in condensation phase has. This is because whilst the 

stimuli are opposite in phase, the net effect (stereocilia displacement) is the same. It is also 

important to note that AC activates one utricle only, whilst BC stimulates both. This is 

depicted in Figure 15 & Figure 16. 

The initial phase that the sound or vibration arrives in is important, as it impacts the 

first volley of action potentials within the VOR. When one utricle is stimulated by BCV, one 

side of the striola is depolarised, and the firing rate of the neurons increases. On the other 

side of the striola, in the same utricle, the hair cells are hyperpolarised, and the firing rate 

decreases. As the striola is offset, there should be a net depolarisation or hyperpolarisation 

on the ipsilateral utricle according to a condensation or rarefaction phase of vibration 

(Romero et al., 2019). BC stimuli affects both utricles, and as the contralateral utricle is a 

mirror image, then the opposite pattern of net depolarisation and hyperpolarisation will arise. 

This is due to the mirrored layout of the utricles, meaning one utricle is hyperpolarised and 

the other one is depolarised (see Figure 15). 

The location of the transducer has differing resulting effects on each utricle. For 

example, the vibration occurring in the centre of the forehead has a symmetric effect on each 

vestibule (Iwasaki et al., 2008). This is because a vertical force on the cranium causes the 

temporal regions to accelerate laterally, symmetrically and in opposite directions – either 

hyperpolarised or depolarised in the same way (see Figure 16). If the transducer has a mastoid 

placement, the acceleration of the temporal regions is lateral and typically larger (Todd et al., 

2008a). The amount of acceleration is the same, however the utricles will detect the motion 

in an asymmetric pattern, causing an asymmetric effect on each vestibule (Colebatch & 

Rosengren, 2019). The results of this mean that when the mastoid is stimulated, a larger 

vestibular response can be recorded to the ipsilateral utricle. When the forehead is 

stimulated, the response recorded from the same utricle is smaller in comparison (Frohlich et 

al., 2021). 

A clinical consequence of this is that with forehead placement, the response will 

exhibit a smaller signal amplitude, but responses from each ear can be validly compared 

within a single measurement. With a mastoid placement the response will exhibit a larger 
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amplitude thus each measurement can become shorter while achieving the same signal-to-

noise ratio. However, to compare each ear would require two runs, one with a left and one a 

right mastoid placement. 

In both accelerometer and seismometer systems, the hair cells are displaced resulting 

in the neurons being able to generate action potentials (Curthoys et al., 2018). These systems 

demonstrate how the vestibular system can be activated by both head movement and in the 

clinic by sound stimulation. 

 

 

Figure 16. Bone vibrator transducer placed on the forehead. 

This shows the pattern of movement when the bone vibrator is placed on the high forehead in Fz location. Both utricles are 
stimulated. The black arrows represent the movement of the skull relative to the otoconia. The red arrows represent the 
deflection of the hair cells and otoconia. The activation pattern of the hair cells in the utricles is mirrored. 
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1.7 Transducers 
1.7.1 Brüel & Kjær Minishaker 4810 
The Brüel & Kjær (B&K) Minishaker 4810 is an electrodynamic vibration device that is used 

frequently in oVEMP testing (see Figure 17). It is a cylindrical metal object 76mm (diameter) 

by 75 mm (height) and weighs 1.1 kg (Brüel & Kjær, 2021). Currently this Minishaker is often 

used in oVEMP research and in some clinical settings. It is often considered the ‘gold standard’ 

for eliciting oVEMPs as it has sufficient power to reliably evoke oVEMPs from the forehead 

and from the mastoid (Rosengren et al., 2019). 

 

Figure 17. B&K Minishaker 4810. 

 However, this transducer was not designed to be used as a medical device and is 

intended to calibrate accelerometers, vibration test small objects and test mechanical 

impedance (Brüel & Kjær, 2021). Whilst the BC threshold is lower than AC, many currently 

available audiometric transducers lack the maximum dB FL output power. For example, the 

B71 (discussed in further detail in Section 1.7.2) has a maximum output of around 122 dB FL 

at 500 Hz which is only just above the typical normal adult oVEMP threshold of 120 dB FL 

(Clinard et al., 2020). By contrast, the Minishaker has a considerably higher output, and 

depending on the associated amplifier can reach vibratory force levels of 140 dB FL. The 

Minishaker also has a flat frequency response at high output (Frohlich et al., 2021). Therefore, 

The B&K Minishaker is likely considered the gold-standard by default, due to the lack of 

appropriate clinically oriented equipment for oVEMP testing.  

There is some variability in establishing the set up for the Minishaker by researchers 

when testing oVEMPs. Some design an appendage to hold the device, some hold the 

minishaker to the mastoid or forehead whereas others rest the minishaker (on forehead) 

under its own weight (Frohlich et al., 2021; Rosengren et al., 2011). This leads to potential for 

variability in static force, upon which the dynamic (vibratory) force is introduced. Static force 
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is a fundamental property of an object which is not moving. The higher the static force, the 

more kinetic force is required to overcome it.  

Different caps on the Minishaker are also used (see Figure 18), and these can also vary 

across studies (Curthoys et al., 2009; Iwasaki et al., 2008; Rosengren et al., 2005). The cap is 

the circular contact area of the Minishaker as it is pressed against the skin. The cap used in 

the present study is a B&K 8000 impedance head. Other designs are typically bespoke 

modifications that are bolted to the Minishaker ‘table’ (i.e., the vibrating surface, the polished 

metal area in Figure 17). A bespoke cap might increase ease of use clinically, for example the 

wide cylindrical Minishaker is difficult to position on the mastoid due to the obstruction of 

the pinna, without such a modification. However, caps with varying surface areas, and made 

of different substances like metal, Perspex, or Bakelite and with different surfaces areas, tend 

to impart different forces to the patient – an unwanted source of variability. 

  

Figure 18. Examples of modifications for the B&K Minishaker 4810.  

The left picture displays a custom Perspex cap. The middle picture shows the custom metal cap used in Hakansson et al. 
(2018).  The right picture displays the standard B&K 8000 impedance head which was used in the present study as a way to 
bypass the pinna obstruction. 

A polarity reversal of signal can occur when using the Minishaker, which results in 

apparent latency difference of the N10 up to 3 ms. This latency difference occurs because the 

mechanical arm of the Minishaker has to physically withdraw and then extrude (Curthoys et 

al., 2009). For each Minishaker device, the initial polarity wired into the device varies so this 

needs to be controlled for when connecting to the evoked potential device, to ensure it is set 

up and calibrated correctly (Frohlich et al., 2021). That is, some Minishaker devices would 

deliver a stimulus in the opposite polarity to other devices due to wiring variations. A further 

drawback to the Minishaker is practicality: it is expensive (about 95% more in off-the-shelf 
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cost than an audiological bone vibrator), requires extra equipment and does not have any 

dual purpose – it cannot be used for other evoked potential such as Auditory Brainstem 

Response (ABR) unlike a specific audiology bone vibrator device.  

1.7.2 RadioEar B71 
Currently, the bone vibrator used in audiology clinics for pure tone audiometry is usually the 

B71 by Radioear (Curthoys, 2010). This bone vibrator has been in use in audiometric clinics 

since 1973 (RadioEar, 2019c). It  is 19mm (height) x 19mm (width) x 32mm (length) (RadioEar, 

2019a). The B71 is a normally used to test bone conduction hearing thresholds during pure 

tone audiometry at 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz.  

The B71 design has an electromagnetic reluctance transducer which transforms 

electromagnetic energy into vibrations at a given frequency. A magnet inside the transducer 

is suspended to a yoke on a spring, and the strength of the magnetic field (flux) creates a 

magnetic force across a small air gap inside the transducer. The spring that the magnet is 

attached to, counteracts this force. Along the side are twin coils (physical metal coils), through 

which a current can be driven, creating a dynamic flux, and causing the magnet to vibrate at 

a specific frequency (Jansson et al., 2015).  

The B71 produces large amounts of total harmonic distortion (THD) at frequencies 

below 500 Hz, which is why stimuli below this frequency are not routinely used during 

audiometry (Frohlich et al., 2018; Jansson et al., 2015). High harmonic distortion in the B71 

design is because the force of the air gap is related non-linearly to the dynamic flux created 

by the electric current (Jansson et al., 2015). Harmonic distortion is a phenomenon where 

new frequency peaks appear in the output, at multiples of the signal input. For example, when 

specifically testing with a pure tone at 250 Hz, distortion effects appearing at 500 Hz would 

interfere with the results, and without the researcher necessarily being aware of their 

presence. Distortion occurring in clinical oVEMP diagnostics, especially when considering 

specific frequencies or frequency tuning is not ideal, as it could have an effect on the presence 

or absence of a threshold and therefore could affect the interpretation of findings in a clinical 

setting. The distortion present in the B71 design caused from an input of 250 Hz, the output 

spectral peak is at 380 Hz. At an input of 315 Hz, the output peaks at 380 Hz. At 500 Hz input, 

the output peak is 420 Hz. Overall, for input frequencies 500 Hz and lower, the output of the 

B71 tends to be close to 400 Hz (Clinard et al., 2020). 
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In one of the original studies by Rosengren et al (2005) that identified oVEMPs, the 

B71 was used to find BC oVEMP thresholds with 500 Hz stimuli on the Fz location. This study 

used a combination of participants with normal and abnormal vestibular function. The B71 

was unable to elicit oVEMPs for 5 out of the 24 normal participants so the authors reverted 

to AC instead. Iwasaki et al. (2007) attempted to use the B71 to elicit oVEMPs in the Fz location 

but could not get reliable results in healthy participants nor patients with vestibular loss, and 

instead used the Minishaker and taps with a reflex hammer.  

The B71 bone vibrator on the mastoid also tends to elicit poor oVEMPs (Rosengren et 

al., 2019). The Rosengren et al. (2011) study used a B71, the Minishaker and a tendon hammer 

on the mastoid with 500 Hz stimuli.  This same study found that the tendon hammer and the 

Minishaker more reliability evoked oVEMPs than the B71, with the tendon hammer eliciting 

responses bilaterally in 96% of the cases, the Minishaker bilaterally 92% of the cases and the 

B71 only bilaterally 49% of the cases. The Minishaker and tap use the same method of eliciting 

oVEMPs (both BC), so this study shows that it was the B71 failing to produce the oVEMPs 

rather than the oVEMP not being present in that patient. The standard B71 has a maximum 

output of about 122 dB FL at 500 Hz (Clinard et al., 2020). The likely reason for these mixed 

findings is that the maximum output is just a few dBs higher than the average oVEMP 

threshold, meaning insufficient vibratory force to elicit a VEMP in those with a greater than 

average oVEMP threshold. It follows that if the B71 is not powerful enough to elicit oVEMPs 

for all normal participants then it is not likely to be a viable clinical tool for people with 

vestibular deficits, where often the VEMP threshold might be pathologically raised 

(Rosengren et al., 2005).  

1.7.3 Ortofon B250 
The B250 is a bone vibrator prototype designed by Ortofon A/S. This bone vibrator is similar 

in design to the B81, but larger and is optimised for 250 Hz vibrations (Frohlich et al., 2021). 

The B250 bone vibrator can be used to measure BC oVEMPs and cVEMPs as well for pure tone 

audiometry and other auditory evoked potentials.  

A pilot study on the B250 found that this device was effective in eliciting oVEMPs and 

cVEMPs at 250 Hz (Hakansson et al., 2018). The aim was to find out the difference in 

stimulation level required to evoke VEMPs between AC and BC; and to elicit at least three 

VEMPs be obtained per participant (n=3), using the B81 (see section 1.7.4) and the B250.  Both 
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of these transducers were attached to a spring steel attachment which was calibrated to apply 

approximately 10 N of static force. Four cycles were used for each stimulus frequency (16 ms 

for 250 Hz, 8 ms for 500 Hz duration). The authors also compared AC thresholds to BC. 

oVEMPs were measured from the forehead and mastoid. Results from the Hakansson et al. 

(2018) study found that the BC thresholds for both transducers (at 250 Hz: B250 = 60 dB nHL, 

B81= 57 dB nHL; 500 Hz B250=70dB nHL, B81=>75dB nHL) for oVEMPs were lower than AC 

(250 Hz=100 dB nHL; 500 Hz =95 dB nHL). The BC thresholds were up to 40 dB lower than AC. 

This reconfirms that BCV is more effective in eliciting oVEMPs than AC.  Hakansson et al. 

(2018) also found that both the transducers could not elicit forehead oVEMPs from all the 

participants. Mastoid oVEMPs however were more successful. The authors state that 

stimulation at the forehead relies on the superior portion of the skull to vibrate as the inferior 

portion is stiffly attached to the spinal column preventing vibration, whilst lateral stimulation 

at the mastoid allows for more effective BCV to activate the utricle, agreeing with concepts 

described by Gelfand (2009).  

Hakansson et al. (2018) found that only the B250 could elicit oVEMPs at three different 

presentation levels (varying by 5 dB) on the mastoid. However, the ability to interpret this 

performance is limited as the study did not compare the B250 performance against the B&K 

Minishaker, which is currently considered the “gold standard” – instead the researchers 

compared the B81 and the B250, and AC vs BC thresholds  (Hakansson et al., 2018).  

A major limitation to this study by Hakansson et al. (2018) is the small sample size. 

Only three participants were tested, who were the researchers themselves and are 

experienced in VEMP testing; and they designed the B20 themselves. Therefore, these results 

may not translate effectively to clinical patients who are not well-versed in vestibular testing. 

However, the authors show that the B250 may be of use in clinic once it has FDA approval3 it 

can be easily attached to a headband and can be used for oVEMPs and cVEMPs. Another 

limitation is that it is optimised for 250 Hz. The B250 will not be able to be used reliably for 

any higher frequency specific tuning - therefore it would lack dual purpose such as pure tone 

audiometry. The calibration used in this paper also was unconventional. The AC sounds were 

calibrated in dB nHL using ISO389.2, which is the standard containing reference levels for 

 
3 It is only a prototype and not an approved medical device at the time of the study 
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calibrating pure tones rather than tone bursts. The BC vibrations were calibrated using 

ISO389.3, again the pure tone calibration standard. (ISO, 1994, 2007). This means that the 

sounds and vibrations used were calibrated to reference levels not applicable to tone bursts, 

which could explain the mixed oVEMP results reported (Hakansson et al., 2018).  Potentially 

there was some bias in interpretation of the results as well since the authors themselves 

designed the bone vibrator. Further studies on the B250 are needed to confirm its validity 

and accuracy for oVEMP testing. 

1.7.4 RadioEar B81 
The B81 is a relatively new device from Radioear, introduced in about 2014 (see Figure 19, 

below). It is 16mm (height) x 31.7mm (length) x 18.2mm (width) and weighs 20g (RadioEar, 

2019b). The B81 is an approved medical device and can be easily calibrated for electrophysical 

set ups. It also does not need the separate amplifier to run or custom built set ups (Frohlich 

et al., 2021). The B81 has also been designed to match the calibration of the B71, so that they 

should be interchangeable on the same audiometer (Jansson et al., 2015). 

The B81 was designed using a BEST transducer (balanced electromagnetic separation 

transducer) which allows for improvements in distortion and output in comparison to the B71 

(Jansson et al., 2015; RadioEar, 2019b).  The design is similar to the B71, however instead of 

one air gap to create the frequency specific vibrations, the B81 design has multiple gaps which 

are counterbalanced (Jansson et al., 2015; RadioEar, 2019b). The magnetic flux is generated 

from the use of a single coil in the centre of the device, and instead of being non-linearly 

proportional to the force, it is proportional to the sum of the magnetic flux squared (Jansson 

et al., 2015).This new design is more linear than the B71 and should create less distortion at 

lower frequencies (Frohlich et al., 2018; Keceli & Stenfelt, 2018).  

 Jansson et al. (2015) found that the B81 had minimal distortion at the lower 

frequencies: 1.88 ± 0.41% total harmonic distortion (THD) at 250 Hz and 0.87 ± 0.2% at 500 

Hz. In comparison the B71 which had 28.07± 5.9% at 250 Hz and 5.52 ± 0.83% at 500 Hz. 

Although, in direct contrast to  Jansson et al. (2015),  Clinard et al. (2020) reported that for 

tone bursts the spectral output for the B81 at 250 Hz had peaks at 420 Hz; when 315 Hz input 

was tested, it had a output peak at 450 Hz; and for a 400 Hz tone burst input, the output 

peaked at 470 Hz. These different results is likely due to Clinard et al. (2020) using the 

maximum output thus causing spectral distortion. The authors suggest that the B81 is more 
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useful in determining absence/presence of oVEMP rather than specific frequency tuning 

(Clinard et al., 2020). The B81 is approved for clinical usage by Radioear up to 50 dB HL at 250 

Hz which is equivalent to 124.5 dB FL. Further research on what input dB FL starts to cause 

the distortion at each lower frequency would be useful to determine a cut off maximum 

intensity level.  

More relevant to oVEMPs, the B81 has an increase in maximum force output of 5 – 20 

dB in comparison to the B71 up to 1 kHz, without exceeding 5.5% THD (RadioEar, 2019a, 

2019b). At 250 Hz the B81 has a maximum output of 52.6dB HL (127.1 dB FL) ± 0.8, and 74.6-

dB HL (144.1 dB FL) ± 0.4 at 500 Hz (Jansson et al., 2015). The B71 had significantly lower 

maximum output with 30 dB HL (104.5 dB FL) ± 2.5 at 250 Hz and 61 dB HL (130 dB FL) ± 2 dB 

HL at 500 Hz (Jansson et al., 2015). The difference in output between the B71 and B81 

diminished as the frequencies got higher (Jansson et al., 2015). These two factors in the 

performance of the B81 indicate that it is likely to be more suitable than the B71 in oVEMP 

testing especially at 500 Hz. 

The Radioear transducers are coupled to the head with a metal headband called the 

P333 made by Radioear. This headband has a nominal force of 5.5N, which is the static force 

created when the transducer is held against the skin. This is less than the static force of the 

Minishaker under its own weight (1.1kg) which comes to 10.7N. The static force is relevant 

because a large enough static force is needed to transfer the vibrations from the transducer 

through the skin into the skull. Otherwise, the dynamic force of the vibrations may overcome 

the static force and the transducer will tend to vibrate on the surface of the skull, resulting in 

a reduced effective stimulus reaching the utricle (paradoxical, given the higher dynamic 

vibratory force being delivered by the transducer). 

The Minishaker exerts enough static force from its own weight (which is when it is 

placed on the high forehead) to transfer the vibrations to the skull when held firmly. However, 

the Radioear transducers are light (20g) and do not have the same amount of static force. The 

P333 headband was designed to hold the less powerful B71 to the skull in the context of 

typical audiometric levels of output. This means that it is suitable for lower vibrations, but not 

necessarily for higher vibrations where the necessary static force is closer to 10N, such as in 

oVEMP testing – in these situations the B81 when attached to the P333 alone would push 

itself off the skin. Therefore, when testing for oVEMPs, the transducers need to be pressed 



New technologies in Ocular Vestibular Evoked Myogenic Potentials 

 

51 
 

into the skull to ensure the vibrations are travelling through into the skull and to match the 

static force of the Minishaker. Alternatively, headbands with higher static force could be used. 

Electrical artefacts are recorded by the surface electrodes when transducers like bone 

vibrators are used. The artefacts are caused by the electromagnetic field surrounding the 

transducer, which induce electrical activity in the (unshielded) recording electrodes and 

cables.  Since they occur in a time-locked fashion when the signal is presented (for example 

—at time point 0 ms) and change polarity based on the signal polarity, then they are not 

eliminated from the recording process via averaging. For example, the rarefaction pulse from 

the transducer has a rarefaction electrical artefact. However, when using alternating traces 

these artefacts tend to cancel each other out – complete cancellation can occur with a 

symmetrical stimulus artefact. For this reason, combining rarefaction and condensation 

traces is sometimes preferred. The B81 has been shown to have significantly smaller electrical 

artefacts in comparison to the B71 when testing other evoked potentials such as ABR (Keceli 

& Stenfelt, 2018). 

 

Figure 19. RadioEar B81 Bone Vibrator 

Frohlich et al. (2021) performed a study on 24 healthy young adults (25 ± 3 years) which aimed 

to investigate different BC transducers. The authors compared the response rates, 

amplitudes, latencies, thresholds, and asymmetry ratios in cVEMPs and oVEMPs. cVEMPs and 

oVEMPs were both measured with the B81 on the mastoid, forehead, and via AC. oVEMPs 

were recorded with the Minishaker on the forehead and mastoid also. Stimuli used was 500 

Hz tone burst (0-1-0 format, i.e., one cycle of the sinusoidal vibration). Maximum output was 

reportedly 142 dB peak vibratory FL for the B81 (which is higher than the MPO reported by 

Radioear on the spec sheet at 125 dB FL (RadioEar, 2019b)) and 144 dB peak vibratory FL for 

the Minishaker. The maximum intensity of the air conducted sound was 100 dB nHL.  

For this study the participants were lying supine on a bed looking up at a target on the 

ceiling. The Minishaker was attached to an apparatus to control for the static force (5N) and 

the B81 was held by the P333 steel spring headband (coupling force 5.4 ± 0.5N). This was to 
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control for the static force which can vary between the Minishaker and the B81 due to the 

difference in size and weight for the transducers. However, this set-up for the Minishaker 

would not be used in a standard audiometric clinic as it required a bed and a separate 

apparatus, both of which would take up excess room in a clinical space; and which require 

extra funding. The set-up is also unusual because of the participants lying back, which would 

cause a deflection of the otoconia due to gravity causing tonic firing of the utricular nerves 

before testing had begun. This could give a different set of responses in comparison to a 

patient sitting upright (Jerin & Gurkov, 2014).  

Frohlich et al. (2021) found low response rate to BC forehead stimulation (22% present 

in right ears, 17% present in left ears). The Minishaker elicited oVEMPs in 65% of right ears 

and left ears when used on the forehead. AC oVEMPs were present in 78% of right ears and 

87% of left ears. The B81 on the mastoid had the highest rate of response for right ears (92%) 

and the second highest for left ears (83%). The B81 on the mastoid oVEMP N10-P15 had larger 

amplitudes than the AC oVEMPs (5.8 ± 3.7 µV & 5.9 ± 2.9 µV versus 4.5 ± 2.3 & 3.8 ± 2.4 µV). 

This result aligns with research that suggests that BCV can initially excite afferent nerves 

which AC cannot (Colebatch & Rosengren, 2019; Curthoys et al., 2018). The reported 

thresholds were 139 dB pFL for the B81 on the forehead, 141 dB pFL for the Minishaker and 

130.5 dB pFL for the B81 on the mastoid (Frohlich et al., 2021). These values all seem high for 

normal hearing participants, as the average BC threshold is normally close to 122 dB FL 

(Patterson et al., 2021; Rosengren et al., 2010) 

 The BC transducers were calibrated to arrive in the same phase, the ‘outward’ phase. 

The latencies of the N10 of the B81 on the mastoid (right 9.5 ± 1.0 ms; left 10.1 ± 2.1) are 

slightly later than the air conduction latencies (right 9.3 ± 0.5; left 9.6 ± 1.1 ms). This would 

be due to the different patterns of activation that air conduction and bone conduction use. 

AC stimuli elicits utricle responses in accelerometer mode as previously described whereas 

BC stimuli elicit responses in seismometer mode. This results in initial latency slightly out of 

phase with each other however this is depending on the initial phase of stimulation. The 

Minishaker had much shorter N10 latency at the forehead (right ear 8.6 ± 0.6 ms; left ear 8.9 

± 0.7 ms) compared to the B81 at the forehead (right 12.0 ± 0.7 ms; left 11.4 ± 0.7 ms). The 

N10 amplitudes for the B81 from the forehead were very small (1.5 and 1.8 µV) and had longer 

latencies than usually reported. The N10 latency which is stable in healthy participants was 
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longer than is usual for oVEMPs.  This questions whether these were oVEMPs or a different 

evoked potential (e.g., MLR). However, interpretation of these reports is hampered, as no 

waveforms were included in the paper for inspection. The forehead oVEMPs were reported 

as significantly different to the other oVEMPs from the mastoid and the Minishaker. There 

was no significant difference between the other stimulation modes. Unfortunately, there is 

no statistical analysis of equivalence or agreement between the oVEMPs from the Minishaker 

vs the B81 in the Frohlich et al. (2021) study. 

These recent studies show that the B81 is potentially a contender to offer a viable 

alternative to the Minishaker. Frohlich et al. (2021) report that the B81 can be used to elicit 

oVEMPs from the mastoid; but probably not the forehead due to the small size of the N10-

P15 amplitudes and long latencies.  However, considering the above information collectively, 

it is apparent that there is a lack of empirical data that shows the level of agreement and 

equivalence of the oVEMPs between the transducers, and where comparisons have been 

made the set ups do not bear resemblance to the typical clinical environment such as in 

Frohlich et al. (2021) study.  There has been more in-depth analysis comparing the B81 vs B71 

(Clinard et al., 2020; Jansson et al., 2015) or the B81 vs the B250 (Hakansson et al., 2018) but 

less recent work comparing the Minishaker to the B81, especially with oVEMPs from the 

mastoid.  

This shows a gap for the present research which aims to focus on describing the level 

of agreement and equivalence between transducers instead of probing the differences 

between the B81 and the Minishaker. This is important. When hypothesising a difference 

between two conditions (such as two transducers) then the null position automatically 

becomes that there is no difference. This could easily lead a researcher to conclude that if no 

difference was observed between oVEMPs from the two transducers then they must be the 

same, but this is unsafe. Lack of observation of a difference between the oVEMPs does not 

necessarily mean they are the same (equivalent), but if one device is to be recommended 

over another one based on their performance being equivalent (or at least in agreement) then 

the conclusions would remain moot. A more robust position would be to adopt the null 

position that the two transducers are different, and then approach the comparison via testing 

the alternative hypothesis that they are not different. This is the basis of equivalence testing 

(Lakens et al., 2018; Wachs, 2015). 
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1.8 Clinical Utility of oVEMPs 
The majority of oVEMP research in clinical population is based on diagnosis of vestibular 

pathologies. Since the oVEMP represents the VOR comprising of the inner ear, utricle, 

brainstem, vestibulospinal tract, related motoneurons and extra-ocular muscles, it can be 

used clinically to identify whether any sections of this pathway indicate disease (Macambira 

et al., 2017). Whilst this is useful, oVEMPs can also be considered in diagnosis and 

management for other disorders. For example, the ear and the kidneys are often affected by 

the same disorders. Patients with chronic renal disorder were found to have unilateral absent 

oVEMPs 44% in of the time in comparison to healthy controls who had 100% present oVEMPs 

(Varghese et al., 2021). This study also found that the mean amplitudes of the N10 was 

significantly (p=<0.001) smaller (3.13 ± 2.5 µV) in patients than in healthy controls (4.5 ± 1.97 

µV), and this amplitude decreased with increased duration of the disease.   

1.8.1 oVEMP Thresholds 
A threshold is defined as the lowest intensity level at which an oVEMP waveform can be 

identified. These can vary between people but are in general lower in young healthy people 

and higher in older people (Patterson et al., 2021). The average oVEMP threshold for a healthy 

person is around 122 dB FL (Rosengren et al., 2010). Increasing age has been found to 

correlate with a reduction in oVEMP size and increasing thresholds and N10 latencies for both 

BC and AC (Rosengren et al., 2011). Although, oVEMPs are not affected by age related SNHL 

and BC oVEMPs seem to be less effected by age than AC (Patterson et al., 2021; Weber & 

Rosengren, 2015). 

For this reason, having a reliable BC oVEMP protocol is useful for testing elderly 

populations who are more likely to have vestibular pathologies. However, there is still some 

decline in BC oVEMP amplitudes with age when using the B81 on the mastoid (Patterson et 

al., 2021). Using reflex hammer taps on the mastoid had better oVEMPs than the B81 in 

Patterson et al. (2021) study — however this comes across the same issue of inconsistent dB 

FL as there is no consistent way to calibrate these taps4. Therefore, the greater response rate 

of the reflex hammer tap vs the B81 is likely due to the maximum force output of the B81 not 

being sufficient enough to elicit oVEMPs for the elderly (Patterson et al., 2021). 

 
4 Although the authors calculated these to be on average 144.8 dB peak FL versus the B81 maximum at 138 dB 
pFL. 
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1.8.2 Response Presence or Absence  
A range of pathologies can cause reduced amplitude or absent oVEMPs including sensory 

pathology of the utricle, and neural pathology of the eighth nerve and/or brainstem, and even 

eye-related disorders influencing the extra-ocular muscles. Iwasaki et al. (2007) found that 

patients with unilateral utricular loss were missing the oVEMPs on the contralateral side to 

the ear being stimulated. In patients with total superior vestibular neuritis the N10 is either 

very small or completely absent for BC (Curthoys et al., 2009; Weber & Rosengren, 2015). This 

is likely due to how all the utricle afferents cross in the superior vestibular nerve, therefore 

damage to the superior vestibular nerve means zero, or minimal utricle activity can be 

recorded via oVEMPs. Patients with unilateral neuritis will have reduced or absent oVEMPs 

on one side, whereas bilateral neuritis will have reduced or absent on both sides (Rosengren 

et al., 2018). 

When checking for oVEMP presence and/or absence it is important to remember that 

that the oVEMP is a ‘crossed’ or contralateral response (refer to  

Figure 12). For example, this means a patient with one healthy labyrinth on the left side could have a singular oVEMP recorded 
from under the right eye only. Therefore, oVEMP represents the VOR from the side contralateral to the eye which is being 
recorded (Rosengren et al., 2019; Weber et al., 2012). Ipsilateral oVEMPs tend to be smaller and unreliable. This is due to the 
contralateral eye IO muscle being close to the active electrode. To record an ipsilateral oVEMP in a similar fashion, the 
relevant muscle associated with the response is the superior oblique (see  

Figure 12. for pathway). This means to record an ipsilateral oVEMP to a similar 

amplitude the active electrode would need to be placed on the eyebrow (Weber & Rosengren, 

2015; Weber et al., 2012).  

1.8.3 Amplitude of the N10  
The amplitude of the N10 is often consistent within one person but varies greatly from person 

to person. This inconsistency is likely due to factors such as differences in the skull thickness 

and position of the utricles. Therefore, the absolute amplitude of N10 itself is not of the 

highest diagnostic value; however the relative amplitude from each ear is of greater 

diagnostic value (Curthoys et al., 2009). The comparison is referred to as the asymmetry ratio 

(see Section 1.8.4, below).  

The amplitude of the N10 can be affected by certain conditions, some of which lead 

to reduced amplitudes in one or both ears (hypoactivity), and others which lead to increased 

amplitudes in one or both ears (hyperactivity). A commonly described example of the latter 

is superior canal dehiscence (SCD), a condition where communication between the inner ear 
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and the intercranial cavity is abnormal due to a dehiscence (thinning) of the bone, resulting 

in a drop in impedance. This causes  a relative increase in the ability of sound and vibrations 

to propagate through the vestibule, leading to hypersensitivity of the vestibular system to 

sound and vibration (Uchino & Kushiro, 2011). These changes result in abnormally large 

oVEMP amplitudes (e.g., 46.2 µV ± 3.4 µV) and lower thresholds (Taylor et al., 2020). For a 

review on normative oVEMP ranges see Rosengren et al. (2010). 

SCD can be identified in oVEMP testing by extremely large amplitudes and low 

thresholds (Rosengren et al., 2005). BC oVEMPs have been found to be able to differentiate 

SCD from other third window disorders, as other third window disorders also can show also 

extreme amplitudes. This differentiation is from use of an ultra-low frequency stimuli (125 

Hz) and from examining the N10 oVEMP latency which was prolonged to over 11.5 ms 

specifically in patients with SCD (Taylor et al., 2020). Patients with SCD can show a 10-fold 

increase in N10 amplitude in comparison to the unaffected ear or to normative values (Weber 

& Rosengren, 2015).  Verrecchia et al. (2019) found BC stimuli (125 Hz) oVEMP was 50% 

sensitive, 95% specific to SCD. Another study however found that with 500 Hz stimuli BC 

oVEMPs had amplitudes which were 80% sensitive to SCD patients (Govender, Fernando, et 

al., 2016). 

 

 

 

 

 

 

1.8.4 Asymmetry Ratio 
The asymmetry ratio is the difference in amplitude of oVEMPs between vestibules. Jongkees’ 

formula for asymmetry is used to determine if there is a clinically significant asymmetry in the 

VOR triggered by each utricle (Curthoys et al., 2009). These occur in conditions such as 

unilateral vestibular neuritis (Oh et al., 2013).  
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Equation 1. Jongkees formula for calculating asymmetry in vestibular diagnoses 

𝐴𝑅 =
(𝑁10[1]−𝑁10[2])

(𝑁10[1]+𝑁10[2])
x 100 

With N10[1] representing the larger amplitude N10; and N10[2] representing the smaller 

amplitude. A normal AR is 11.73% ± 8.26 % (Curthoys et al., 2009). No healthy participants 

showed an AR of larger than 40% whereas known vestibular pathology participants did had 

an AR over 40% (Curthoys et al., 2009).  The asymmetry ratio is useful as it gives a within-

subjects comparison, assuming that one ear is healthy. However, it is not useful if there is a 

bilateral vestibular dysfunction causing both oVEMPs to be small and absent; therefore, the 

ratio should not be considered in isolation. 

1.8.5 Latency of the oVEMP 
The latency of the N10-P15 is largely stable between healthy people, hence the name n10 

(occurring around 10 ms after stimulation). The same is true for the P15. This could be due to 

how important stabilising the gaze is via the VOR therefore it needs to be consistent and rapid 

(Rosengren et al., 2011). 

 One of the largest factors affecting the oVEMP reflex latency is the rise time of the 

stimuli itself, and not a characteristic of the participant themselves (Rosengren et al., 2019). 

Another factor that affects the latency is the initial phase that the stimulus arrives in, and the 

frequency of the stimuli (Westin & Brantberg, 2014).  This is due to the seismometer model 

where the phase has an effect on the onset response of the hair cells. A further factor that 

can affect the latency of the oVEMP is age. A recent review found that the N10 oVEMP 

latencies in elderly (>60 years) had a delay of 2.32 ms (95% CI 0.55 – 4.1 ms, p=0.01) in 

comparison to younger adults <60 (Macambira et al., 2017). Lastly, delayed latencies can also 

be due the patient’s inability to control their gaze or from the stimuli being too low in intensity 

(Rosengren et al., 2011). An article by Kizkapan et al. (2021) looked at the relationship 

between idiopathic sudden sensorineural hearing loss (SSHL) and oVEMPs, and found that 

there was a significant elongation of the oVEMP waveform latencies and inter-latencies; and 

these latencies improved (decreased) with treatment for the SSHL (although no relationship 

from the oVEMP thresholds to the SSHL) (Kizkapan et al., 2021). 

Brainstem lesions such as stroke can abolish the oVEMP recording due to the crossed 

nature of the VOR pathway (Weber & Rosengren, 2015). Longer latencies of oVEMPs could 
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show demyelination diseases of the central vestibular pathway (Rosengren et al., 2011). 

Multiple sclerosis is a demyelination disorder which can cause significant delays in the latency 

the oVEMP (Weber & Rosengren, 2015). Therefore, the oVEMP could be used to monitor the 

involvement of the brainstem in these central disorders. In Parkinson’s disease, oVEMPs have 

also been reported to be abnormal with both amplitudes and latencies affected. These 

changes to oVEMPs could indicate an early sign if Parkinson’s disease is progressing to the 

upper brainstem (Murofushi, 2016)  
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1.9 Stimuli Parameters 
1.9.1 Stimuli Type 
Click stimuli were used in the original VEMP testing by Colebatch and Halmagyi (1992). A click 

is a broad band stimulus containing a wide range of frequency components. Tone bursts are 

now used as they were found to produce larger, more reliable, and lower threshold responses 

for oVEMPs (Rosengren et al., 2011). A tone burst is a narrow band short duration sound with 

a built-in rise time, plateau and fall, and a limited range of frequency components. Impulsive 

clicks may be hazardous depending on intensity level and are more likely to be damaging 

(Hakansson et al., 2018; Starck et al., 2003). Chirps are a type of stimuli which may be of use 

in oVEMP testing (see section 4.2.1 for more on Chirps) (Mat et al., 2021; Walther & Cebulla, 

2016).  

1.9.2 Duration 
 Increasing the duration of the stimuli can increase the side of the response, but this has a 

limit (Rosengren et al., 2019). A relatively long duration stimulus such as a 10ms tone burst at 

500 Hz has the same oVEMPs amplitude as with a stimulus of 2ms duration, which shows that 

it is the onset of the stimuli that is important (Curthoys et al., 2018; Rosengren et al., 2019). 

Longer stimuli cause a larger electrical artefact which may truncate the recorded oVEMPs 

(Rosengren et al., 2019). 

1.9.3 Rise Time  
Rise time of a stimuli describes how abrupt the onset of the sound is. Rise time has a 

significant effect on the latency and the size of the oVEMP. This is likely due to the otolithic 

organs being sensitive to acceleration (Rosengren et al., 2019). Short rise times make the 

VEMPs larger in amplitude and shorter in latency as the VEMP is an onset response.  

1.9.4 Frequency 
There is some discussion about the ideal frequency for oVEMPs (Clinard et al., 2020; Grant & 

Curthoys, 2017). 500 Hz is the most commonly used stimulus frequency for oVEMPs in the 

literature. One reason for 500 Hz being most often used is due to the limitations in currently 

available equipment at lower frequencies (see section 1.7, above). For example, Grant and 

Curthoys (2017), suggest that 750 Hz is optimal whilst Hakansson et al. (2018) recommend 

250 Hz. oVEMPs elicited with frequencies above 1000 Hz are smaller in amplitude than below 

1000 Hz (Rosengren et al., 2019). However, there is some evidence that optimal BC oVEMPs 
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may be even lower at 100 Hz (Clinard et al., 2020). Other studies have shown that 100 Hz has 

the highest amplitude for oVEMPs from BC mastoid stimulation (Murofushi, 2016; Todd et al., 

2009). 

There is some evidence in the literature that there is a tuning hypothesis with regards 

which organ is contributes the most to the oVEMP. An important point is that despite the 

semi-circular canals (SCC) sharing pathways with the otolithic organs along the VOR, the SCC 

neurons do not respond to 500 Hz at low intensities. This means that use of 500 Hz stimuli (in 

a healthy patient) will selectively be activating the otolithic afferents (Curthoys et al., 2009).  

Todd (2014) suggests that the oVEMPs are from either the saccule and the utricle together if 

a 500 Hz stimulus is used, or from the utricle predominately stimulated at 100 Hz. This is 

because of the saccule being rigidly attached to the vestibule whereas the utricle is not. The 

tuning curve of the oVEMP shows a large amplitude peak at 600 Hz representing the saccule, 

and another smaller amplitude peak at 100 Hz representing the utricle (Zhang et al., 2011) 
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1.10  Recording Parameters 
1.10.1 Electrode Placement 
oVEMPs are recorded by placing surface electrodes in specific locations on the face. Variability 

between electrode placement can result in large variation in oVEMP recordings between 

people, or even within the same person. For this reason, it is important to be as consistent as 

possible when testing. To record both sides, there either needs to be an electrode placed 

under both eyes, or the electrodes moved during testing to record the other side. 

Originally, oVEMPs were recorded with the highest amplitudes when electrodes were 

placed inferomedial to the pupil with the positive electrode 1 cm below the orbital ridge and 

the negative 2 cm below the positive (Curthoys et al., 2009; Rosengren et al., 2005). However, 

research studying the effect of different electrode positioning has found that placing 

electrodes in a belly-tendon montage can result in a larger and more robust oVEMPs (see 

Figure 20, below) (Govender, Cheng, et al., 2016; Sandhu et al., 2013). Belly tendon montages 

are commonly used in EMG studies and in cVEMPs, where the negative electrode is placed 

over the tendon of the muscle of interest, and the positive electrode over the belly of the 

muscle (Mesin et al., 2009). In the belly-tendon montage for oVEMPs, the positive electrodes 

are moved laterally from the midline of the eye to be over the body of the IO muscle during 

up-gaze; and the negative electrode is positioned at the inner canthus of the eye near to the 

tendon of the inferior oblique muscle (Govender, Cheng, et al., 2016). 

The belly-tendon montage showed that amplitudes for N10 increased significantly 

(3.17 µV ± 2.13 µV in comparison to electrodes placed in other varying locations around the 

eye (Sandhu et al., 2013).  The increase in amplitudes means the belly tendon montage has 

also been found to be more effective for recording of oVEMPs in patients who struggle to 

maintain an up gaze in comparison to the standard montage (Govender, Cheng, et al., 2016). 

A benefit to using the belly tendon montage is that fewer electrodes are needed than the 

traditional oVEMP recording placement. This is important if equipment or funds for new 

electrodes is limited, or if the recording equipment can only support fewer electrodes (i.e., a 

monopolar electrode system is sufficient).  
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Figure 20. Schematic of different electrode montages. 

Traditional oVEMP montage is displayed on the left versus the belly tendon montage displayed on the right. The major 
difference between the two montages is the indifferent electrode is placed below both eyes in the traditional setup, whereas 
for the belly tendon montage the indifferent electrode is placed between the eyebrows on the inner canthus of the eye, or in 
this illustration at the nasion, which is equidistant to the inner canthus of each eye. 

Having two indifferent electrodes, as in a bipolar electrode system, placed on the nose instead 

of the forehead again made the amplitude of the N10 larger (Leyssens et al., 2017). However, 

this placement may start to involve other ocular muscles, and therefore reduced the purity 

of the VOR reflex. For this reason, the belly montage as described above with the indifferent 

electrode on the nasion at the midline was used. 
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1.11 Gaps in Current Knowledge 
Currently, the literature shows extensive research into the physiological origin, shape, and 

clinical relevance of the oVEMP waveform. However, there is no current standardised clinical 

guidelines to follow for oVEMP testing. This makes comparison between studies difficult. The 

majority of the oVEMP research in relation to BCV has used the B&K 4810 Minishaker which 

is not an approved medical device (Rosengren et al., 2013; Rosengren et al., 2011; Rosengren 

et al., 2005; Verrecchia et al., 2019; Weber et al., 2012). The B81 is a relatively new transducer 

and there are even fewer studies on its use (Clinard et al., 2020; Frohlich et al., 2021; Jansson 

et al., 2015). However, the scant studies are show promising results for the use of the B81 for 

mastoid oVEMPs. Nonetheless, there is a lack of empirical data that compares performance 

of the B81 against the Minishaker, offering an indication of the level of agreement and 

equivalence that exists between the responses from the two devices. 

1.12 Aims, Objectives and Hypothesis 
1.12.1 Aims 
The aim of the present study was to conduct a performance comparison of oVEMPs between 

transducers using stimuli that were matched to the same force level.  This was examined by 

comparing the amplitude of the N10 and the N10-P15 waveform of the Mini-shaker to the 

B81, as well as a range of other parameters associated with each waveform. 

1.12.2 Objectives  

• The primary objective was to examine the oVEMP amplitudes elicited from the B&K 

Minishaker 4810 and compare them to the oVEMPs elicited by the Radioear B81.  

• The secondary objective was to determine if variation in responses between the 

transducers was the same as variation seen via test re-test measurements with the 

same transducer.  

o The Minishaker is currently considered the “gold-standard” of oVEMP testing, 

therefore the test-retest variation within the Minishaker must be acceptable, 

giving an a priori indication of acceptable levels of agreement. 

o This level of agreement can then be used as a benchmark to determine 

whether the agreement with the B81 is acceptable.  

• The N10 and the N10-P15 peaks of the oVEMPs will be analysed for agreement via the 

use of Bland-Altman analysis.  
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• The N10 and the N10-P15 amplitude from the B81 will be analysed for statistical 

equivalence against the N10 and N10-P15 of the Minishaker. 

1.12.3 Hypothesis     
 

H0: The B81 will not be able to reliably elicit VEMPs equivalent to (or in agreement with) 

those elicited from the “gold standard” Minishaker.                                                                                                                                        

H1:  The B81 will reliably elicit VEMPs that are equivalent to (or in agreement with) those 

elicited from the “gold standard” Minishaker. 
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2 Methods 
This section outlines the methods and parameters used in the present study. 

2.1 Participants 
The study was designed as a repeated measures study. This means that all participants 

underwent testing with both the B81 and the Minishaker. 16 adult participants (age 22- 47 

years) in total were included. 12 were female and 4 were male. There were no known 

vestibular deficits or neurological conditions. Table 1 below provides summary statistics for 

the participants. Participants were recruited by word-of-mouth and through fliers at the 

University of Canterbury. All participants gave written, informed consent. Ethical approval 

was obtained by the local human research ethics committee at the University of Canterbury. 

HREC 2021/28/LR3 (see Appendix VII).  

 

Table 1. Participant characteristics 

 Initial test Test-retest 

Participants 16 6 

Female 12 4 

Male 4 2 

Age range 22-47 years 25-39 years 

Left ears 8 3 

Right ears 8 3 
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2.2 Equipment 
The transducers used were B&K Minishaker 4810 and the RadioEar B81 Bone vibrator. The 

Minishaker was connected to a Philips PM5175 amplifier connected to the right AC socket of 

Interacoustics Eclipse clinical EP device (to which it was calibrated) and fitted with a B&K type 

8000 impedance head, which has a contact area of 175mm2. The impedance head acted as a 

‘spacer’ to enable the Minishaker to be placed against the mastoid prominence conveniently 

without the pinna being an obstacle (See Figure 23 below). The B81 was calibrated and 

connected to the BC socket of the same Eclipse. Prior to testing, the output force levels of the 

Minishaker and the B81 were measured and matched. This was performed by delivering a 

signal from each transducer to a B&K 4930 artificial mastoid, recording in dB SPL via a sound 

level meter and converting to dB FL. Full details of the calibration procedure is included in the 

calibration report (see Appendix I). 

Alternating, condensation and rarefaction traces were independently analysed. The 

Minishaker was found to be wired oppositely to the B81 (refer to calibration report, Appendix 

I), so that when the stimulus delivered to the B81 was in a condensation phase, the same 

stimulus produced a rarefaction phase by the Minishaker, and vice versa. This was accounted 

for by flipping the condensation and rarefaction recordings in the analyses so that responses 

were comparable. 

2.2.1 Stimuli Parameters 
Both transducers used the same stimuli, which was a 1-cycle tone burst at 500 Hz.  The stimuli 

were presented at a rate of 5.1 Hz. Recording continued until 500 samples had been obtained. 

250 of the stimuli arrived in rarefaction phase and 250 arrived in condensation phase. These 

were combined together to create an average alternating polarity trace, which reduces any 

electrical artefacts. 

2.2.2 Acquisition Parameters 
EMG recording started at -20 ms relative to stimulus onset and continued until +135 ms. EMG 

data were amplified by 72 dB (voltage input range of ± 400 µV). A band pass filter of 10 Hz to 

1000 Hz (6dB/octave) was applied to the EMG recordings. Four different levels of stimuli were 

tested with each transducer. These are described in Table 2.  The levels from here on will be 

referred to as 122 dB FL, 127 dB FL, 130 dB FL and 131 dB FL.   



New technologies in Ocular Vestibular Evoked Myogenic Potentials 

 

67 
 

2.3 Protocol 
2.3.1 Room set-up 
Schematic for equipment set up is displayed in Figure 21. The test environment consisted of 

a quiet (non-sound treated) room. A cross was marked on the ground with tape 1.5 metres 

away from the wall. A chair was placed on the cross and a spot was indicated horizontally 

from the chair. Participants were asked to adjust the chair height, so their head (eye level) 

was directly horizontal to the spot on the wall. 87cm was measured up from the spot and 

marked by a cross – this is the fixation cross. The cross is to ensure that all participants would 

have the same degree of up gaze during oVEMP testing – 30 degrees.  

 

Figure 21. Schematic of room set up. 

2.3.2 Surface Electrode Placement 
The skin was prepared for electrode placement. This was achieved by lightly exfoliating the 

skin under each electrode site with an abrasive gel on a small piece of gauze fabric. Conductive 

paste was applied to the electrodes before being taped in place. The electrodes were 9 mm 

gold cup electrodes, arranged as in a belly tendon montage: Ground in the Fz location, positive 

electrode on the bridge of the nose, the channel 1 electrode under the left eye, and the 

channel 2 electrode under the right eye. For placement of the eye electrodes, the bony eye 

socket rim was first found using the fingertips to gently palpate the skin; and the electrodes 

were placed laterally from the midline of the pupil so that the electrode cups sat on the skin 

overlying the bony rim (see Figure 22, below). Electrodes were consistently applied in this 
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order: ground, vertex, non-test side, test side. The electrode wires were kept bunched 

together and placed over the shoulder on the opposite side from the mastoid which was being 

tested to reduce the likelihood of electrical interference. Impedances were checked to ensure 

they were 20 kOhms Ω or below.  

 

Figure 22. Schematic of electrode placement for oVEMP recordings 

Generally in vestibular research a negative peak (with positive electrode input more 

rostral to the indifferent input on the scalp surface) means that it is an excitatory myogenic 

potential (i.e. the muscle is contracted), and a positive peak means that it is an inhibitory 

myogenic potential (i.e. the muscle is prevented from contracting) (Iwasaki et al., 2008). 

However, this pattern is relative to the placement of the electrodes. If the positive recording 

electrode is placed above (more rostral) to the negative recording electrode, and a positive 

peak is seen, then it is inhibitory (and a negative peak is excitatory). However, if the positive 

recording electrode is placed below the negative recording electrode (more caudal), the 

waveform peaks go in the opposite direction and the positive peak is in fact excitatory. 

The B81 was attached using the P333 headband, and the nominal static force was 

supplemented by pressing it against the mastoid by two fingers. The Minishaker was held to 

the mastoid by the tester (see Figure 23). With respect to pressing the B81, a similar method 

is performed when measuring the Auditory Brainstem Response in infants, where a hand-held 

coupling method is commonplace. Note, it is commonplace even with family members (i.e. 

non-experts) who are asked to hold the transducer in place while cradling an infant, although 
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it is recommended that someone who is trained holds the transducer where possible 

(Bremner et al., 2012). A non-clinically or non-statistically significant error of up to 43 grams 

in static force has been reported when a range of different individuals applied the hand-held 

coupling method (Small et al., 2007), resulting in minimal error of up to a few dB.  Each 

transducer was held in identical places on the mastoid, as indicated by the red mark left from 

the transducers (see photo below).  

 

Figure 23. Photographs of transducer positioning for both RadioEar B81 and B&K 4810 Minishaker. 

The left panel shows the B81 held by the P333. (Two fingers are pressed against the B81 to supplement the static force of the 
headband during testing). On removal, the process leaves a circular red mark which fades after some minutes (middle panel). 
The Minishaker is held to the mastoid, and the red mark used to place the transducer on the mastoid in the same place (right 
panel). Note the order of testing was counterbalanced. 

2.3.3 Instruction 
The participants were instructed to hold their heads in place and look upwards at the cross 

on the wall. Participants were allowed to blink freely. One mastoid was stimulated for each 

participant with both transducers. Four different force levels were used, making 8 oVEMP 

traces per participant with mastoid, transducer and stimulus intensity varied in a fully 

counterbalanced design. Testing took on average about 45 minutes per participant.  
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Table 2. Calibrated dB FL pairs and each transducer dial setting 

Transducer dB dial  

Rarefaction force 

level 

output (dB FL) 

Condensation force 

level output (dB FL) 

Alternating force level 

output (dB FL) 
Pair name 

B81 55 122.52 122.59 122.55 
122 dB FL 

Minishaker 106 121.77 122.00 121.89 

B81 60 127.17 127.37 127.27 
127 dB FL 

Minishaker 112 127.53 127.88 127.71 

B81 65 130.52 130.86 130.69 
130 dB FL 

Minishaker 116 130.18 129.54 129.86 

B81 70 131.25 131.25 131.25 
131 dB FL 

Minishaker 120 131.17 130.15 130.66 

.  

2.3.4 Test-retest 
Re-test data was gathered on a subset of participants. Conditions were exactly the same as 

the initial test conditions, i.e., on the same ear and physical set up. The test-retest data was 

obtained in order to provide a within subject’s comparison of the transducer’s performance, 

and to provide data on the level of agreement/equivalence between two oVEMPs gathered 

from the same transducer. This data is necessary to interpret the level of agreement between 

two oVEMPs gathered from the two different transducers. That is to say, statistical tests of 

agreement (such as Bland-Altman analysis described below) show the extent of agreement 

but do not offer an a priori criteria for what level is acceptable. However, test-retest data 

from the same transducer can provide this. Six participants from the main cohort were able 

to return for test re-test analysis. 

2.4 Data Analysis 
An initial step in preparing the results for analysis included unleavening the data 

corresponding to condensation and rarefaction stimuli. The stimuli were delivered in an 

alternating polarity during the data collection process, and the test-mastoid was alternated 

from left to right. The electrode montage was fixed in order to minimise scope for human 

error. Thus, in some participants, the left eye electrode captured the response when the 

contralateral mastoid was stimulated and in other participants, the left eye electrode 

captured the response when the ipsilateral mastoid was stimulated. The unleavening process 

was therefore necessary and entailed separating the left eye and right eye data and 

reordering them so that they were grouped according to contralateral and ipsilateral data. A 
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second pre-processing step concerned the reversed polarity of the Minishaker compared with 

the B81, as described earlier. These pre-processing steps were automated via a script that 

was coded in Python and is displayed in Appendix II. 

For grand average data and for individual participants on each transducer, the following 

information was obtained: 

• N10 amplitude,  

• P15 amplitude, 

•  N10-P15 peak-to-peak amplitude, 

• RMS amplitude of the data prior to the stimuli, as a measure of residual noise,  

• Signal to noise ratio,  

• RMS amplitude of the electrical stimulus artefact, 

• RMS amplitude of the 17 to 25ms time period, 

• RMS amplitude of the 25 to 60ms time period,  

The N10 was identified objectively, by using an algorithm in MS Excel to determine the 

maximum amplitude in time period of 7.67 ms to 12.67. The P15 point was found as a 

minimum point from 12.67 ms to 17.67 ms. N10-P15 amplitude was calculated as an absolute 

difference between these two points. Other points of interest were also calculated as follows: 

Residual Noise was the root mean square (RMS) amplitude in the pre-stimulus baseline period 

(from time point -19.3 ms to -0.3 ms) relative to the stimuli onset); electrical artefact was 

quantified by the RMS amplitude from time point 1 ms to 5.67 ms; and signal to noise ratio 

calculated from N10-P15 peak-to-peak amplitude divided by the Residual Noise RMS. To 

appreciate long latency components of the oVEMP data, the RMS amplitude of the 17 to 25 

ms period was calculated from the time point 17 to 25 ms, and the RMS amplitude was 

calculated from 25 to the 60 ms time period. 

2.4.1 Bland Altman Plots 
To assess agreement, SPSS was used to generate Bland-Altman (BA)plots for each paired 

intensity. Jamovi was used to perform equivalence testing and create the confidence 

intervals.  Bland-Altman plots are statistical analyses tools used for assessing the level of 

agreement between two measures of the same quantities (Bland & Altman, 1986). 

Differences between each pair of measures are plotted against the mean of each pair. Instead 
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of comparing the relationship or correlation between measurements, the BA plots allow the 

differences to be examined and thus determine whether or not they are acceptable to the 

researcher (Giavarina, 2015).   

Data for the Bland-Altman plots was calculated from the mean amplitude of the N10 

from each transducer versus the difference between the two. The mean was displayed on the 

X axis with the difference on the Y axis. The difference was natural log transformed before 

plotting. The natural log was used as opposed to the absolute value in order to display the 

difference in a percentage, which is useful when there is an increase in resulting amplitude 

size with increasing output magnitude (Giavarina, 2015). The same process was used for the 

N10-P15 amplitude. 

 The upper and lower limits of agreement (LOA) were determined as recommended 

by Bland and Altman (1986) by using the mean difference ± 1.96 of the standard deviation. It 

is recommended that 95% of the data should lie between these two extremes (Giavarina, 

2015). The mean (or bias) line can be used to determine the average difference between each 

transducer. However, this only defines limits, and does not determine whether they are 

acceptable to the researcher. This must be determined prior to testing. The test-retest BA 

plots were used in order to determine how much variation between transducers would be 

acceptable. 

 

Two sets of B-A plots were derived: 

1. Agreement between test and re-test for a transducer for a given stimulus 

condition. 

2. Agreement between B81 and Minishaker for the same stimulus condition. 
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2.4.2 Statistical Equivalence Testing 
Although BA plots do offer a measure of agreement, they do not offer a criterion by which 

the equivalence can be judged. That is, two measurements can agree with one another to 

some degree while still exhibiting differences, which would imply the two measurements are 

not equivalent. This limitation of BA analysis was addressed in two ways. Firstly, a criterion 

was obtained independently (via the test-retest data). Secondly, equivalence testing was 

performed through use of a two one sided test (TOST). This technique offers a p-value at a 

predetermined significance level against which the hypotheses can be tested. The amplitudes 

of the N10 and N10-P15 peak-to-peak amplitude elicited by each transducer were assessed 

for equivalence. Confidence intervals (CI) were constructed based on the test re-test data. 
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3 Results 
This section outlines the results and statistical analysis from the 16 participants in the study.  

3.1 Transducer input/output Curve 
  

 

 

 

Figure 24. Input output function for dB dial vs dB force level.  

 

 

Figure 24 shows the dB dial input vs the output dB force level for each transducer at 500 Hz. 

As expected, the corresponding output dB FL increases with increasing dB dial input for both 

transducers. The curve starts to flatten as the dB dial increases. As this occurred for both B81 

(BC socket) and Minishaker (AC socket), it suggests that the Eclipse device has saturated 

despite increasing the dial input (x axis).  
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 At the lowest dial level (corresponding to 122 dB FL) the outputs for both rarefaction 

and condensation are close to each other, within 1 dB for both transducers. This is the same 

for the second dB dial level (corresponding to 127 dB FL). However, for the next two dial 

settings, the outputs tend to differ by a few dBs for condensation and rarefaction stimuli 

across the two transducers. The output ( 

 

 

Figure 24) from 122 dB to 127dB FL is consistent with results from Clinard et al. (2020) 

who described linear output for the B81 only between 122 and 128 dB FL at 500 Hz. 

At 130 dB FL, there is a close match in-between transducers only when the 

condensation and rarefaction levels are averaged into alternating. When split apart, there is 

a notable difference between the condensation levels (130.86 dB FL for the B81, 129.54 dB 

FL for the Minishaker – see also Table 2  in Methods). This creates a less fair comparison 

between transducers, especially compared to the lower force levels which are more equally 

matched in calibration. Another point of note is that whilst the dial changed by 5 dB (from 60 

to 65 dB nHL for the B81, and 112 to 116 dB nHL for the Minishaker, see 

 

 

Figure 24), the actual output only increased by around 3 dB from 127 dB FL to 130 dB 

FL. This indicates that the maximum output of the Eclipse was reached, which could cause 

other problems such as saturation of the output and potentially clipping.  

This same observation occurred for the highest force level, 131 dB FL. Another 5dB 

increase on the dial (65 to 70 dB for the B81, 116 to 120 dB for the Minishaker) results in only 

a 1 dB increase in output. This implies that the Eclipse itself has saturated. The condensation 

and rarefaction force outputs are further apart (over 1 dB for the condensation phase) 

indicating they could be acting differently due to being saturated.  
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Figure 24 shows tight clustering at 122 dB FL and 127 dB FL and spreading apart in dB 

for 130- and 131-dB FL. Therefore, responses from the 130- and 131-dB FL conditions have 

been excluded from the main analyses. However, the data are included in Appendix V and 

Appendix VI for reference.  
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3.2 Grand Average oVEMP Waveforms 
This section displays grand average oVEMP traces for the 122 dB FL and the 127 dB FL stimuli.  

All oVEMP recordings from all 16 participants were included in the final analysis despite some 

participants having less pronounced N10-P15 complexes than others. N=8 participants had 

clear visually identifiable oVEMPs for the 122 dB FL recording for the B81, and n=9 for the 

Minishaker. Only one participant had a discrepancy across the transducers (oVEMP present 

for Minishaker at 122 dB FL but not apparent for B81). This level has been included in the 

main body of results as it is close to threshold – and often thresholds are used in clinic so 

testing for agreement at this level is relevant. There was also no prior decision that 

participants needed to have a present oVEMP at a particular level to be included. At 127 dB 

FL, the B81 had identifiable oVEMPs for all 16 participants. The Minishaker elicited oVEMPs 

for n=14 participants. This recording is included in the main body of results as the calibration 

showed outputs were the closest for this level.  

3.2.1 122 dB FL Alternating Condition oVEMP 

The grand average oVEMPs for this force level are shown in Figure 25 (alternating), Figure 26 

(rarefaction), and  

Figure 27 (condensation). The descriptive statistics based on the alternating oVEMPs are 

outlined in Table 3. 

Figure 25, below, shows the alternating grand average oVEMP. The N10 occurs at ~10 

ms for both transducers. The mean N10 amplitude for B81 was 1.98 µV, and the Minishaker 

mean amplitude was 2.68 µV. The P15 occurs at and ~13 ms for the B81 (-2.3 µV) ~16ms for 

the Minishaker (-3.69 µV). This shows that the P15 and N10-P15 amplitudes from the 

Minishaker were larger than from the B81 and occurred slightly later.  

The B81 RMS noise was 0.66 µV, and the Minishaker was 0.57 µV. There was no 

statistically significant difference in RMS residual noise from each transducer (p=0.39).  The 

electrical artefact at 122 dB FL was 0.54 µV for the B81 and 0.59 µV with a statistically non-

signficant difference of p=0.56. The RMS amplitudes of downstream oVEMPs had statistically 

significant difference (B81 2.94, Minishaker 3.65 µV, p=0.036). On visual inspection of the 

traces, the response components in the 17-25 ms time frame look similar in latency. The 

downstream responses for the B81 were 1.41 µV and 1.50 µV for the Minishaker and not 
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statistically significant (p=0.48). The SNR was calculated from the N10-P15 amplitude divided 

by the RMS of the pre-stimuli noise. At 122 dB FL the SNR for the B81 was 9.05, and the 

Minishaker as 10.87. There was no statistically significant difference between the SNR for 

either transducer (p=0.5). 

3.2.2 122 dB FL Rarefaction oVEMP 
The rarefaction oVEMP for 122 dB FL is displayed in Figure 26, below. When viewing the 

rarefaction trace: the mean B81 N10 amplitude was 3.20 µV, and the Minishaker N10 

amplitude was larger at 4.75 µV. The N10 occurs for both transducers at ~9 ms. The P15 for 

both transducers occur at ~12 ms and is notably smaller in the B81 trace. The P15 for the B81 

was -2.84 µV and the Minishaker P15 was 5.84 µV. The B81 N10-P15 amplitude was 6.04 µV, 

and the Minishaker was larger at 10.59 µV. This can be confirmed by visual inspection of 

Figure 26, as the B81 trace N10-P15 complex is noticeably smaller.   

There were three statistically significantly different parameters. These were: the B81 

artefact was statistically significantly larger (13.47 µV) than the Minishaker (1.92 µV, 

p=0.0050); and the Minishaker downstream peaks (5.91 µV) were significantly larger than the 

(B81 3.43 µV, p=0.002); and the SNR (B81 7.70, Minishaker 12.66, p=0.012).  

3.2.3 122 dB FL Condensation oVEMP 
The condensation oVEMP for 122 dB FL is displayed below in  

Figure 27. The N10 appears at approximately 7 ms for both transducers. The P15 is more 

difficult to visually identify. The B81 P15 looks roughly about ~13 ms whilst the Minishaker is 

more delayed at 15 ms.  The B81 N10 was 2.08 µV and the Minishaker was similar size at 2.10 

µV. The P15 for the B81 was -2.18 µV and the P15 for the Minishaker was -3.22 µV. The N10-

P15 complex for the B81 was 4.26 µV in size and the Minishaker was 5.32 µV.  

The electrical artefact was statistically significantly different between transducers, 

with the B81 (13.64 µV) significantly larger than the Minishaker (1.84 µV, p=0.004). On visual 

inspection, the condensation oVEMP of the Minishaker looks smaller than the B81. This is 

opposite to that observed for the rarefaction trace, where the Minishaker oVEMP appears 

larger. Overall, the condensation trace at this force level was much smaller in amplitude. The 

Minishaker grand average oVEMP looks like a less robust response than that of the B81 for 
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this initial phase at 122 dB FL. Full details of the 122 dB FL rarefaction and condensation 

oVEMP descriptive statistics are in Appendix III. 

3.2.4 127 dB FL Alternating oVEMP. 
The grand average oVEMP traces can be seen in Figure 28 (alternating), Figure 29 

(rarefaction), and  

Figure 30 (condensation). Descriptive statistics for the alternating oVEMP are found in Table 

4. 

The N10 occurs at ~9 ms for both transducers with an amplitude of 4.05 µV for the 

B81, and 4.23 µV for the Minsihaker. The P15 occurs at ~13 ms for both transducers. The B81 

P15 was -5.50 µV and the Minishaker was -5.37 µV.  On visual inspection, the N10-P15 oVEMP 

complex from the B81 overlays the Minishaker very closely (B81 9.56 µV; Minishaker 9.50 µV).  

The mean RMS residual noise from the B81 was 0.62 µV, and the Minshaker mean 

Residual noise was 0.61 µV, with no signficant difference between the transducers 

(p=0.89).The mean electrical artefact at 127 dB FL was 1.09 µV for the B81 and 0.70 µV for 

the Minishaker. Despite the larger difference in amplitude at 127 dB FL, the difference was 

non signficant (p=0.43). The artefact was expected to grow in size as stimuli increased 

especially for the B81. However, as this data is the alternating traces, the artefact should not 

be large in size. The 17-25 ms B81 RMS downstream oVEMPs was 5.60 µV, and the Minishaker 

was 4.23 µV. On visual inspection the B81 looks larger, but there was no significant difference 

at this found (p=0.15).  The downstream auditory potentials at 25-60 ms for the B81 were 

1.76 µV and 1.33 µV for the Minishaker. There was no significant difference at this level 

(p=0.07). The SNR for the B81 was 16.50 and the Minishaker was 18.10. There was no 

significant difference between the SNR for the transducers (p=0.79). Overall, for the 127 dB 

FL oVEMP from alternating stimuli there were no significant differences in any parameters. 

3.2.5 127 dB FL Rarefaction oVEMP 
The 127 rarefaction oVEMP is shown in Figure 29 and the full descriptive statistics can be 

found in Appendix IV. 

The N10 for occurs for both transducers at ~9 ms. For the B81 the mean N10 was 6.43 µV. 

The Minishaker mean was 7.11 µV. The P15 occurs at ~13 ms for the B81 and ~15 ms for the 
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Minishaker. The amplitude of the P15 was -6.41 µV and -7.9 µV. The N10-P15 complex for the 

B81 wwas 12.84 µV and the Minishaker was 15.06 µV.  

The  only statistically significant difference for the rarefaction traces was the between 

the artefacts. The B81 artefact was 28.25 µV in size, and the Minishaker  was 3.40 µV, 

(p=0.002). This large difference is apparent when  viewing  Figure 29.  On visual inspection, 

the rarefaction oVEMPs look like a good match, aside from this differnce. 

3.2.6 127 dB FL Condensation oVEMP 
The 127 condensation oVEMP is displayed in  

Figure 30. The N10 for both transducers occurs at ~7 ms  and was 3.61 µV for the B81, and 

the Minishaker was 4.05 µV. The P15 occurs at ~13 ms for the B81 (-4.88 µV) and ~12 ms for 

the Minishaker (-4.32 µV). The N10-P15 for the B81 was 8.45 µV; and for the Minishaker 8.38 

µV. 

On visual inspection, the downstream VEMPs (17-25 ms) between the two transudcers 

appear out of phase. Other parameters that were significantlly different were the size of the 

electrical artefact and the SNR. The  B81 electrical artefact was statistically significantly 

smaller than the Minishaker (B81 28.67 µV, Minishaker, 3.25 µV, p=0.002). This is also visually 

apparent from  

Figure 27, where the B81 trace is much larger. The SNR for the B81 was 3.36. For the 

Minishaker the SNR was statistically signficantly larger at 10.02 (p=0.010). 
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Figure 25.  Alternating grand average traces for n=16 at 122 dB FL.  

The traces represent the mean data for the group, and the shaded regions represent ±1 standard deviation. 
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Figure 26. Rarefaction grand average (n=16) oVEMP recordings at 122 dB FL 

 

Figure 27. Condensation grand average (n=16) oVEMP traces at 122 dB FL 
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Figure 28. Alternating grand average (n=16) trace oVEMP at 127 dB FL. 

The traces represent the mean data for the group, and the shaded regions represent ±1 standard deviation.  
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Figure 29. Rarefaction grand average (n=16) oVEMP trace at 127 dB FL 

 

 

Figure 30. Condensation grand average (n=16) oVEMP trace at 127 dB FL
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Table 3.  Descriptive statistics and paired t-test results for the alternating oVEMP at 122 dB FL 

 122 dB FL Alternating 
Mean (µV) Median (µV) SD p-value 

B81 RMS noise 0.66 0.53 0.46     

Minishaker RMS noise 0.57 0.56 0.18 0.39 

B81 RMS artefact   0.54   0.53 0.23     

Minishaker RMS artefact   0.59   0.55 0.31 0.56 

B81 17 -25 ms   2.92   1.50 4.72     

Minishaker 17 - 25 ms   3.65   1.51 5.26 0.036* 

B81 25 - 60 ms   1.41   0.94 1.39     

Minishaker 25 - 60 ms   1.50   1.11 1.42 0.48 

B81 SNR   9.05   3.91 18.44     

Minishaker RMS SNR   10.87   6.87 10.55 0.50 

 

Table 4. Descriptive statistics and paired t-test results for the alternating oVEMP at 127 dB FL 

127 dB FL Alternating Mean (µV) Median (µV) SD p-value 

B81 RMS noise   0.62 0.58 0.20     

Minishaker RMS noise   0.61 0.51 0.38 0.89 

B81 RMS artefact   1.09 0.56 1.85     

Minishaker RMS artefact   0.70 0.65 0.37 0.43 

B81 17 - 25 ms   5.60 3.44 6.72     

Minishaker 17 – 25 ms   4.23 2.89 4.69 0.15 

B81 25 – 60 ms   1.76 1.21 1.82     

Minishaker 25 - 60 ms   1.33 0.98 1.11 0.07 

B81 SNR   16.54 8.08 21.37     

Minishaker SNR   18.15 11.30 18.50 0.79 
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3.3 Bland-Altman Analysis  
In the Bland-Altman plots of agreement shown below Figure 31 - Figure 40, the 95% upper  

and lower limits of agreement (LOA) are displayed by the blue lines.  The red line shows the 

bias of the mean difference (referred to as mean line or bias line). That is, if there was no 

difference between two measurements on average, the red line would fall at zero (0% on the 

y-axis).  The closer a point is to 0%, the closer the agreement is. The upper and lower LOA 

show the range of agreement around 0%. Both 122 dB FL and 127 dB FL data are displayed on 

the same plots in order to identify test-retest agreement limits. This is because of the small 

number of participants in the test-retest groups (n=6). As the transducers are being compared 

to themselves, there should be consistent variation at the different force levels (e.g., if one 

transducer tends to vary by 2%, it should do this at both force levels.)  

3.3.1 Test Re-test Bland-Altman Analysis 
The test-retest BA plots (Figure 31 - Figure 34, below) show that despite using the same 

transducer twice on the same person there are still some variance in responses. 

Figure 31 shows the test-retest agreement plot for the B81 N10 amplitudes at 122 dB 

FL and 127 dB FL. The mean difference (red line) shows that on average there is a 0.37% 

difference between the two recordings from the same transducer. The 95% intervals (blue 

lines) are from 2.32% to -1.59% difference. One outlier is apparent. Figure 32 shows the test-

retest agreement plot for the B81 N10-P15 complex at 122 dB FL and 127 dB FL. The mean 

difference shows that on average there was a 0.95% difference between the two recordings 

from the B81. The 95% intervals are from 3.14% to -1.25%. One recording lies outside of these 

limits. 

  Figure 33 shows the test-retest data for the Minishaker N10 condition. This plot 

shows that the mean difference on average was 1.58% for the Minishaker. The 95% limits 

were 3.51% and -0.36%.  Figure 34 shows the test-retest data for the Minishaker N10-P15 

condition. The mean difference was 2.05%. The 95% limits were 4.84% and -0.75%. When 

considering the test-retest agreement plot data, the B81 was more consistent than the 

Minishaker for both the N10 and the N10-P15.  
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Figure 31. Bland-Altman plot for the B81 versus B81 test-retest N10 amplitude for the 122 dB FL and 127 dB FL. 

 

 

 
 
Figure 32. Bland-Altman plot for the B81 versus B81 test-retest N10-P15 amplitude for the 122 dB FL and 127 dB FL.  
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Figure 33. Minishaker vs Minishaker test re-test N10 amplitudes at 122 dB FL and 127 dB FL  

 
 
Figure 34. Minishaker vs Minishaker test re-test N10-P15 amplitudes at 122 dB FL and 127 dB FL 
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3.4 Bland-Altman Plots for the B81 versus the Minishaker 
 

A priori limits were set based on the Minishaker test-retest plots:  

- No more than 2% average difference for the N10 and the P15 (rounded from 1.58 and 

2.05%) 

- N10 upper limit 3.5%, lower limit of -0.5%  

- N10-P15 upper limit 5% and lower limit of -0.75%.  

- These percentages were rounded in order to give more clarity for interpreting the 

following between transducer results. 

3.4.1 N10 Bland-Altman Plots 
Figure 35 shows the BA plot for the N10 amplitude for the B81 vs Minishaker at 122 dB FL and 

127 dB FL. The bias line (shown in red) shows that on average the difference between the two 

transducers was 0.15%. The calculated upper and lower limits were 2.25% and -1.94%. This 

means that 95% of the oVEMPs were no more than 2.25% larger nor more than -1.94% smaller 

than the other transducer. The average difference and the upper limit were within these 

values; however, the lower limit was not. This means that one of the transducers is measuring 

an N10 amplitude with a discrepancy below agreement limits as determined by test re-test 

values. 

 For the rarefaction N10 trace (see Figure 36), the average (0.33%) difference is 

acceptable. However, the upper and lower LOA are both outside of the predetermined a priori 

limits (3.87% and -3.22). For the condensation N10 trace (see Figure 37) there are similar 

results to the alternating trace. The average difference (0.23%) and upper limit (2.42%) is 

acceptable; however, the lower LOA is outside of the predetermined range.  
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3.4.2 N10-P15 Bland-Altman Plot  
Figure 38 shows the BA plot for the N10-P15 alternating stimuli at 122 dB FL and 127 dB FL. 

The alternating N10-P15 average difference was 0.78%. The upper LOA was 3.42% and lower 

LOA was -1.86%. These results show that the average difference and upper LOA are 

acceptable and within agreement but again the lower LOA is not. Figure 39 shows the BA plot 

for the N10-P15 rarefaction phase only. The rarefaction N10-P15 BA plot shows the average 

difference was 1.12%, with an upper limit of 4.24% and lower of -2%. The upper LOA and 

average difference are again within the a priori defined limits, although the lower LOA is not. 

Figure 40 shows the BA plot for the N10-P15 condensation phase only. The average difference 

was 1.34%. The upper LOA was 5.69% and the lower LOA was -3.11%. The average bias line 

was within agreement; however, the upper and lower limits of agreement were not. There is 

one extreme outlier in this plot, showing a difference of 10% in N10-P15 peak to peak 

amplitude. This is the participant who had an oVEMP present for the Minishaker but not the 

B81.  

 

 

 
Figure 35. Bland-Altman plot of N10 amplitude for the B81 vs Minishaker for the 122 dB FL and 127 dB FL alternating 
recordings.  
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Figure 36. Bland-Altman plot for the N10 amplitude rarefaction trace only at 122 and 127 dB FL 
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Figure 37. Bland-Altman plot for the N10 amplitude condensation trace only at 122 dB FL and 127 dB FL 

Figure 38. Bland-Altman plot for alternating stimuli N10-P15 complex at 122 and 127 dB FL.  

 

Figure 39. Bland-Altman plot for rarefaction stimuli only N10-P15 complex at 122 and 127 dB FL.  
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Figure 40. Bland-Altman plot for condensation only N10-P15 complex at 122 and 127 dB FL.  
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3.5 Equivalence Tests 
As a re-cap, the null hypothesis is that data from the two transducers are different, and a 

statistically significant result would therefore indicate support for the alternative hypothesis 

– that the data are not different (or equivalent). Equivalence testing is performed to check if 

there are no group differences between the two transducers. This translates to the group 

differences being considered equivalent to zero. 

Instead of using the test re-test values to set the upper and lower bounds for effect 

size as was done for the BA plots, the difference between the two test groups (n=16) was 

used. This was because the test re-test groups individually were too small (n=6) which is 

inappropriate for t-tests. To statistically set the confidence limit bounds, confidence intervals 

with paired data were calculated on Excel on the difference between the Minishaker and the 

B81 for the N10 and N10-P15 amplitudes at both 122 dB FL and 127 dB FL. These were used 

to set raw boundaries and are shown in Table 6. All the calculated confidence in intervals 

cross zero, so there is statistical evidence that the differences in amplitudes between 

transducers could be 0 µV. 

Table 5 shows the two one-sided test results for the B81 10 vs Minishaker N10, and 

B81 N10-P15 vs Minishaker N10-P15 at both 122 dB FL and 127 dB FL. The t-test p value 

indicated by subscript1 was not significant for all conditions showing that there were no group 

differences. The TOST upper limit is indicated by subscript2. If this number is significant, it 

shows that the group effect is significantly lower than the upper equivalence limit. This is true 

for all conditions. The TOST lower limit is indicated by subscript3. If this number is significant, 

it shows that the group effect is significantly higher than the lower equivalence limit.  

Table 6 shows the equivalence test results with the 95% confidence interval. If the 

lower and upper 95% confidence values fall completely within the raw boundaries, the groups 

can be concluded to be equivalent. All of the groups fall within the bounds, concluding that 

all the groups are equivalent. This indicates that the N10 and N10-P15 amplitudes can be 

considered equivalent between the B81 and the Minishaker at both 122 dB FL and 127 dB FL.  
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Table 5. Two-sided paired sample t-test results. 

                        
B81  Minishaker    t df p 

 N10, 122 dB FL N10, 122 dB FL t-test -1.86 15 0.0831 

    TOST Upper -2.95 15 0.0052 

      
 

TOST Lower 
2.96 15 0.0053 

N10-P15, 122 dB FL N10-P15, 122 dB FL t-test -2.82 15 0.0131 

    TOST Upper -2.94 15 0.0052 

    TOST Lower 2.94 15 0.0053 

N10, 127 dB FL N10, 127 dB FL t-test -0.18 15 0.861 

    TOST Upper -2.95 15 0.0052 

    TOST Lower 2.95 15 0.0053 

N10-P15, 127 dB FL N10-P15, 127 dB FL t-test 0.03 15 0.981 

    TOST Upper -2.95 15 0.0052 

    TOST Lower 2.94 15 0 .0053 

Table 6. Equivalence bounds for all conditions. 

  95% Confidence interval 

 B81  Minishaker   Low High Lower Upper 

N10, 122 dB FL N10, 122 dB FL Cohen's d -1.20 0.27     

  Raw -1.81 0.41 -1.5 0.10 

N10-P15, 122 dB. FL N10-P15, 122 dB FL Cohen's d -1.44 0.03   

  Raw -4.27 0.09 -3.67 -0.51 

N10, 127 dB FL N10, 127 dB FL Cohen's d -0.78 0.69     

  Raw -3.07 2.72 -2.27 1.92 

N10-P15, 127 dB FL N10-P15, 127 dB FL Cohen's d -0.73 0.74     

  Raw -6.29 6.41 -4.54 4.66 
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4 Discussion 

4.1 Summary of Main Findings 
The aim of present research was to compare oVEMPs elicited by vibratory stimulation from 

the B81 to the Minishaker transducer. The hypothesis was that if the B81 was calibrated to 

the same force level as the Minishaker, the oVEMPs produced in response would be 

equivalent. If this was the case, then it would provide a rationale for the use of the B81 in 

clinical settings for oVEMPs. This would be desirable since the B81 is an approved medical 

device whereas the Minishaker is not. 

• Objective: to elicit oVEMPs using the Radioear B81 and compare them to the B&K 

Minishaker, using stimuli that were matched to the same force level. This was 

achieved by comparing the amplitude of the N10 and the N10-P15 waveform between 

the two transducers.  

• Secondary objective: To determine if the variation between the transducers was the 

same as the variation with the same transducer. 

•  The N10 and the P15 peaks of the oVEMPs were analysed via use of Bland-Altman 

agreement plots. Confidence intervals were constructed, where appropriate in order 

to assess equivalence. 

The hypotheses were: 

• H0: The B81 will not be able to reliably elicit VEMPs equivalent to (or in agreement with) those 

elicited from the gold standard Minishaker.  

 

• H1: The B81 will reliably elicit VEMPs that are equivalent to (or in agreement with) those 

elicited from the gold standard Minishaker.” 

The main findings were: 

• The 122 dB FL and 127 dB FL were closely matched between transducers (<1 dB); 

however, 130 dB FL and 131 dB FL were not (see  

•  

•  

• Figure 24). 
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• the grand average oVEMP traces when overlaid, were similar see (Figure 25 & Figure 

28 for alternating oVEMPs). On visual inspection, the N10 peaks match closely, and 

the N10-P15 complex can be seen clearly in relation to both transducers.  

• The test-retest data provided an indication of acceptable agreement between two 

successive oVEMPs from the same person. The test-retest data for the B81 showed a 

mean difference of 0.37% and 95% limits were 2.32% and -1.59%.  The Minishaker 

showed the mean difference on average was 1.58% with 95% intervals from 3.14% to 

-1.25%. These data indicate less within-subject transducer variability for the B81 than 

the B&K Minishaker.  

• Based on the Minishaker test-retest data, the acceptable limits for agreement were 

determined were:  

o The average difference between transducers was never over 2%. The upper 

limit of agreement was never over also 6%.  

o However, the lower limit was consistently over -1%.  Acceptable limits 

predetermined by the Minishaker test-rest data.  This shows that one of the 

transducers was consistently eliciting N10 and N10-P15 amplitudes lower than 

the other. However, this discrepancy was never outside of 4% (the largest was 

-3.22 for the N10 amplitude from rarefaction stimuli). 

• Moving beyond ‘agreement’ it is also possible to assess ‘equivalence’. These 

comparisons revealed N10 and N10-P15 were statistically equivalent for both 

transducers at 122 dB FL and 127 dB FL. 

• In addition to amplitude (N10 and N10-P15) a range of other characteristics of the 

oVEMPs were analysed. These included residual noise, stimulus artefact, and the 

downstream response amplitudes in various latency regions: 

o There were no significant differences in any of the parameters for the 127 dB 

FL oVEMPs.  

o The 127 dB FL rarefaction and condensation oVEMPs both only had 1 signficant 

difference which was the size of the electrical artefact.  

o  122 dB FL alternating condition had 3 significant differences. These were: The 

B81 P15 (-2.30 µV) was significantly smaller than the Minishaker P15 (-3.69 

µV), p=0.012. The B81 N10-P15 peak to peak amplitude (4.77 µV) was 
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significantly smaller than the Minishaker N10-P15 (6.38 µV), p=0.013. The 

downstream oVEMPs occuring at 17 – 25 ms were significantly smaller for the 

B81 (2.92 µV) than for the Minishaker 3.65 µV, p=0.036. 

o The 122 dB FL rarefaction condition had 5 significant differences in parameters 

which were N10, P15, N10-P15, RMS of the electrical artfect, the downsteam 

17-25 oVEMPs, and the SNR. The 122 dB FL condensation phase had 1 

significant differences which was the electrica artefact.  

o The latency of the N10 was consistently between 7 and 10 ms for all conditions 

at both force levels. The p15 was consistent between 12 and 16 ms.  

 

4.1.1 122 dB FL and 127 dB FL oVEMP Evaluation. 
122 dB FL is close to average threshold for participants with normal vestibular function  

(Rosengren et al., 2010). This being the case, it would be expected that around half of the 

participants would not show an oVEMP at 122 dB FL i.e., those with higher-than-average 

oVEMP threshold. This is what was observed as half the participants (B81 n=8, Minishaker: 

n=9) had present oVEMPs and the rest did not. The grand average oVEMP waveform however 

shows a clean oVEMP waveform, small in amplitude for both transducers (B81 N10 = 1.98 µV 

and Minishaker 2.679 µV) with no signficant difference in the amplitudes between the 

transducers. 

The N10 amplitude between B81 and Minishaker for the 122 dB FL rarefaction oVEMP 

was signficanty different. This may have been due to the uneven amount of participants who 

had apparent oVEMPs that this level.  

Frohlich et al. (2021) report that the B81 on the mastoid elicited N10 oVEMPs with a 

peak to peak amplitude 5.8 ± 3.7 µV and 5.9 ± 2.9 µV Although a higher stimuli was used by 

(Frohlich et al., 2021) - a reported 142 dB pFL from the B81 - the resulting peak to peak 

amplitude from the 127 dB FL in the present study was not too different at -5.50 and -5.27 

µV. This could be due the unlikeliness that the B81 was able to output 141 dB for a sustained 

amount of time. The calibration in used in the present study showed that the B81 levels 
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started to saturate at 130 dB FL; and both the present thesis and the Frohlich et al. (2021) 

study used the same evoked potentials device5. 

 

4.1.2 P15 and N10-P15 Complex 

The P15 is the inhibitory peak following the excitatory IO muscle reflex and is always present 

after the N10 response. Collectively, the P15 and the N10 form the N10-P15 complex. The 

difference between the two peaks forms the N10-P15 amplitude. All the grand average 

oVEMP recordings show a clear N10-P15 complex, despite not all participants having present 

oVEMPs at 122 dB FL. 

At 122 dB FL there was a significant difference in the P15 and the N10-P15 amplitudes 

from the alternating trace between transducers but not when considering the N10 amplitude 

alone. Therefore, something was affecting P15 and not the N10. This also only occurred at the 

122 dB FL level and not 127 dB FL. This may again have been due to the lower number of 

recorded oVEMPs as half the participants did not have oVEMPs at this level. Therefore, these 

results could be more affected by bias or measurement error. It also could have been due to 

the present recorded oVEMPs were smaller in amplitude (B81 was -2.30 µV; Minishaker -3.69 

µV), and closer to the noise floor (B81 0.66 µV and Minishaker 0.57 µV). If there was an 

influence of noise at the same time point as the P15 in some participants, this could have 

made the response seem unclear, and the influence of noise would be expected to be greater 

at low SNRs, close to the oVEMP threshold. In general, evoked potentials are problematic at 

or near threshold which is the rationale for assessment at supra threshold well above 

background (residual) noise. The findings also lead to an interesting compromise in clinical 

scenarios. If merely identifying an oVEMP is the objective, then it would seem appropriate to 

focus on the N10-P15 amplitude since this will offer the largest SNR. But if analysing the 

oVEMP characteristics is the objective, then perhaps it is sensible to focus on the N10 alone 

as this appears to offer a more consistent and reliable response even at levels near to the 

threshold.  

 
5  Interacoustics Eclipse 
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Differences in electrode set ups, stimuli, recording parameters and equipment make 

it difficult to directly compare the oVEMPs to other reports in the literature. It seems common 

to report N10-P15 peak to peak amplitude than the N10 alone. For example Singh and Firdose 

(2021) reports N10-P15 amplitude for 10 – 50 year olds to range from  6.8 µV to 6.1 µV at 500 

Hz. Although, this was from AC oVEMPs and using the traditional electrode montage rather 

than the belly tendon. oVEMPs are also more frequently reported as graphs rather than 

absolute amplitudes, usually showing oVEMP waveforms at an estimated 5 to 10 µV in size – 

see Rosengren et al. (2019) for an example. 

Other evoked responses, such as ABR have extensive clinical protocols to follow. These 

protocols outline key factors such as stimuli, number of cycles, methods, equipment set up, 

definitions of threshold, and normative values to allow for comparison. For an example of the 

extensive level of detail provided in an evoked potential protocol, see Bagatto et al. (2018) 

for an ABR protocol or for New Zealand standards see NZAS (2016). This allows for 

standardisation between studies and countries and also provides clarity to diagnostic 

audiologists. Unfortunately, at this time there is no clear oVEMP protocol, nor normative 

values. Ideally in the near future there will be, at the minimum some basic parameters such 

as minimum and maximum recorded sweeps, and acceptable lowest amplitude for the N10 

and N10-P15 in order to be a passable oVEMP.  

4.1.3 Pre-stimulus Baseline Residual Noise (-20 to 0ms) and Signal to Noise Ratio 

The data prior to the presentation of stimuli provides an indication of the RMS of the residual 

noise present. This residual noise is non-time locked activity from myogenic, neurological, 

sensory, and corneo-retinal potentials. As the bioelectrical voltages from these sources is 

relatively random in relation to the stimulus, they should average out in the recordings. Given 

that the recordings from each transducer were made under the same recording conditions 

and with the same number of averages, the RMS residual noise would be expected to be 

similar in traces from B81 and Minishaker. This was confirmed, as there was no significant 

difference between the RMS noise at either the 122 or 127 dB FL, nor across the different 

stimuli conditions for either transducer. This showing that there was consistency  in the setup 

prior to testing.  
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 As expected, the SNR increased when the stimuli input force level increased. The SNR 

was calculated as a ratio of the N10-P15 amplitude over the RMS noise. Ideally, the SNR needs 

to be high in order to identify a clear signal. To the author’s knowledge, there are no clear 

recomendations for how many sweeps are required in order for the signal of the oVEMP to 

be clear over RMS noise. Rosengren et al. (2019) recomends at least 50 repetitions, or to keep 

recording until the oVEMP becomes ‘clear’. There no defining number apparent for what a 

‘clear’ response is, although  Rubin and Daube (2016) suggest recording until the N10 

amplitude is 3 times larger than any wave in the pre-stimuli interval (or alternatively, up to 

128 sweeps maximum). However, the sweep number is not always directly equivalent to the 

SNR as the SNR relies on both the signal amplitude and background residual noise. The 

present study performed 500 repetitions (250 for each sub-trace), which is almost double this 

criteria for an apparent clear response. Whilst providing clean traces with lower residual 

noise, a potential limitation to using a high number of sweeps is participant and/or researcher 

fatigue. 500 sweeps takes a longer time to record, and there is the potential for the participant 

to not have been able to maintain the upgaze, although if this was occurring then the impact 

on the data likely would have affected both transducers equally.  

There are no current recomendations for an appropriate SNR. Furthermore, the 

Eclipse does not give a direct measure of residiual noise in oVEMP testing (however it does 

for ABR). For an ABR to be identified as a clear response with around 95% confidence, an SNR 

of 3:1 is required. Ideally for oVEMP a similar ratio would also be included in any future 

recommendations and protocols. Both these criteria and a display for the clinician to observe 

during testing could be future improvements for oVEMP testing in clinical situations. 

4.1.4 Stimuli Artefact 
The stimulus artefact is present from time point 0 ms (stimuli onset) to about 2.5-3 ms. The 

electrical driving voltage and magnets present in both transducers cause the artefact by 

inducing currents in the recording sensors and cables. It is mainly differential noise because 

the two stimuli (condensation and rarefaction starting phase) are 180 degrees out of phase, 

and when the two samples are added the artefacts cancel out leaving minimal residue visible 

on the alternating trace. Every time the signal is present (e.g., the 500 Hz tone) there is an 

electrical artefact occurring. 
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 The electrical artefact is directly related to the cycle of the stimuli. A short stimulus 

such as the 1 cycle used in the present study creates a short electrical artefact. Longer stimuli 

such as 5 cycle tones creates larger artefacts. This is a problem for oVEMPs as the N10 occurs 

at or around 10 ms. For example, at 500 Hz each cycle is 2 ms, so a 5-cycle stimulus would be 

expected to create an artefact of 10 ms, and this would overlap and contaminate the response 

of interest. If the electrical artefact was large or sufficiently long lasting, it could contaminate 

or disguise the N10 peak. Therefore, for this reason it is prudent to use a shorter cycle for 

oVEMP testing in order to keep the artefact separated in time from the N10. Fortunately, as 

discussed earlier, the oVEMP is an onset response in any case.  

4.1.5  Response Characteristics at 17-25 ms 

After the N10-P15 complex there are down-stream peaks beginning at ~17 ms. These are 

visible in both the Minishaker and the B81 grand average oVEMPs. These peaks are 

downstream to the expected time of N10-P15 complex, as they occur long after the original 

onset of the stimuli. Several different theories explain this, which will be described below. 

Firstly, they could be related to the properties of transducers themselves such as 

smaller inertia and corresponding ‘ringing’ from the B81 in comparison to the Minishaker. For 

a long duration signal, the response from the transducers is the same (see Calibration report, 

in Appendix I, Figure 47). However, for a transient signal the response varies (see Figure 41). 

The stimuli used in the present study is a one cycle stimuli.  However, despite the electrical 

driving voltage originally being one cycle, the transient response output differs slightly, and 

differs again between the transducers meaning that neither transducer faithfully replicates 

the 1-cycle driving voltage, but they do not distort it in the same way. As the Minishaker 

weighs 1.1kg (which is 55 times heavier than the B81) it likely accelerates more slowly in 

comparison to the B81.  This difference affects the transient response by having a slight effect 

on the wavelength and lowering frequency output. This occurs only for transient responses 

whereas for long stimuli the Minishaker “catches up” and outputs the correct stimuli. 

 The frequency output however was not measured in the present study but was 

estimated based on data in the calibration report. Potentially the vibratory force was as low 

as 400 Hz (for a 500 Hz driving signal), which could result in differences in the oVEMP, 

especially as there is frequency tuning in the utricle response (Todd et al., 2008b; Todd et al., 
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2009). The B81, due to its lighter mass and lower inertia, accelerates more quickly in 

comparison to the Minishaker. These can be seen clearly Figure 25 & Figure 28 from the B81. 

The B81 frequency output at 500 Hz has been estimated from data in the calibration report, 

and it is close to 480 Hz, a finding similar to (Clinard et al., 2020). For future research instead 

of measuring only the peak force output, the frequency output should also be measured to 

ensure the output frequency is 500 Hz. The B81 has a ‘ringing’ after the onset response which 

reduces in amplitude until back to baseline (see Figure 41, below). The ringing could due to 

the resonant frequency of the B81 occurring close to 500 Hz (Frohlich et al., 2018). The 

Minishaker also has a slight ‘ringing’. However as can be seen from Figure 41, these peaks are 

fewer and dampen back to baseline faster than the B81.  

Secondly, the utricle could be stimulated multiple times. This is related to the 

resonance of the utricle itself. Therefore, the peaks downstream are oVEMPs following from 

the original stimuli as the utricle is vibrated back and forth and decreases in amplitude as the 

vibrational energy dissipates. However, evidence suggests that the utricle resonance is 100 

Hz, whereas the signal used in in the present study is 500 Hz (Todd et al., 2008b). For this 

reason, the peaks are likely more related to the differences in transient responses of the 

transducers discussed above. 

 

Figure 41. Transient responses from each transducer.  

Figure 41 shows the electrical driving voltage (1 cycle input stimuli) to each transducer and the corresponding output. The 
vibratory force shows the ‘ringing’ in output from each transducer, which differs despite identical input. The B81 has more 
downstream peaks. The Minishaker has fewer peaks and dampens more rapidly to baseline. 
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Thirdly, the downstream peaks may be contamination from the inferior rectus (IR) 

muscle, which has peaks that occur at ~14 ms, with following downstream peaks appearing 

at approximately ~20ms and ~28ms. (Weber et al., 2012). This is less likely to be the cause of 

the downstream peaks, as the IR muscle response is stronger when the gaze is down rather 

than the up-gaze in the present research; and the body of the IR muscle is further back in the 

orbit and not close as close to the electrodes as the IO muscle  (Rosengren et al., 2013). In any 

case, these differing downstream peaks are not of as much importance as the first N10 and 

P15 complex peak as they are not as relevant to a clinical interpretation of the oVEMP. 

4.1.6 Response Characteristics at 25 – 60 ms 
The peaks occurring at 25 - 60 ms are too long in latency to be downstream oVEMPs such as 

from multiple stimulations of the utricle or sources of extra-ocular activity other than the IO 

muscle (Colebatch & Rosengren, 2019). Other explanations are due to some cochlear 

stimulation from the BCV, resulting in middle latency auditory responses (MLR) which occur 

in this time frame (Musiek & Nagle, 2018). All participants in this study had self-reported 

normal or near normal hearing so it is feasible to expect there to be some response from the 

cochlea. In general, the MLR covers a much longer time span the oVEMP does – from ~12 ms 

to ~75 ms and is an auditory response rather than a vestibular reflex (Musiek & Nagle, 2018). 

The MLR is generated from somewhere between the inferior colliculus and the 

auditory cortex as a response to sound (Musiek & Nagle, 2018). The MLR is a cortical auditory 

evoked potential with the first negative wave occurring from around ~15 – 25 ms followed by 

a positive peak at ~24 – 34 ms, a second negative peak at ~35 – 50 ms, and a final positive 

peak occurring at ~50 -60 ms (Musiek & Nagle, 2018; Shiga et al., 2015). The peaks shown in  

Figure 25 & Figure 28 roughly coincide with these time points.  

MLR is normally elicited with clicks (although can be tone) and at a rate of 10 cycles 

per second for adults. Usually around 1000 averages are used (Grimm et al., 2011). The MLR 

can be elicited by low frequencies such as 410 Hz, which is close to the stimuli that was used 

in the present study. Normally, the MLR is larger in amplitude than recorded in this study 

(Rodionov et al., 1996). However, the electrode montage used minimises the amplitudes. In 

order to record large differences, electrodes need to be placed further apart with a 

differential bio amplifier. This is because whilst the electrodes are far apart relative to the IO 

muscle and for oVEMPs, they are close together relative to the auditory system. Common 
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mode rejection would tend to (partially) cancel them in the differential bio-amplification 

process. Therefore, the cochlear is responding to the vibratory sound, and the resulting 

auditory responses should be similar in energy (as they were calibrated to the same dB FL). 

The participants in this study all had normal hearing, so it is not unsurprising that there was 

some auditory response to the stimuli. 

4.1.7 Differences in the Chararcteristics of the Rarefaction versus Condensation oVEMPs 
The oVEMPs traces seen in the present study have similar but subtly differing latencies. This 

is especially apparent in the 127 dB FL condensation oVEMP ( 

Figure 30) where the transducers are producing oVEMPs that are 180 degrees out of phase 

for the downstream peaks. The N10-P15 complex is more closely  phase. In the rarefaction 

phase at 127 dB FL (Figure 29) the downstream peaks are more closely aligned, resulting in a 

slight phase delay rather than completely out of phase.  

For the rarefaction traces this could be due to the slight differences in frequency 

output (outlined in section 4.1.5). If the actual B81 frequency output was around 480 Hz, the 

resulting waveform period would be 2.08 ms. If the Minishaker frequency output was around 

410 Hz the corresponding waveform period would be 2.43 ms. The difference between these 

two periods is 35ms, which would result in approximately a 35 ms delay between peaks from 

each transducer. Indeed, differences of around this amount can be seen by the slight latency 

delays in the rarefaction 127 dB FL oVEMP peaks (Figure 29). 

The condensation oVEMPs have double peaked N10 responses (both Figure 29 and  

Figure 30 but more notably the latter). This is a feature of condensation bone 

conduction oVEMPs. This is thought to be due to the anatomical arrangement of the striola, 

in that there is asymmetrical activation of the utricle. Therefore, one polarity will cause a 

larger initial oVEMP than the other (e.g., one side of the striola depolarisation causes a smaller 

peak, N10a, and then the larger other side would be N10b.) If the N10a side is deflected first, 

the smaller peak can be seen (such as in condensation phases) and is then followed by the 

larger N10b. If the larger N10b is deflected first, the size of the smaller N10a may be less 

apparent, resulting in a slightly ‘blip’ rather than a second peak. (Romero et al., 2019). The 

two peaks, the N10a and N10b both average out in the alternating oVEMP, to produce the 

classical N10. The combination of this effect on the utricle, slightly differing frequency outputs 
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along with IR muscle activity interference could explain the large phase difference in 

waveforms between transducers during condensation. 

4.1.8 Bland-Altman Plots: Test-retest 

Test-retest BA plots were constructed for 122 dB FL and 127 dB FL, for both transducers. The 

average difference for the N10 amplitude elicited by the B81 was 0.37% (bounds 2.32%, -

1.59%), and 0.95% for the N10-P15 (bounds 3.14, -1.25). The average difference for the 

Minishaker N10 was 1.58% (bounds 3.51, -0.36) and N10-P15 was 2.05% (bounds 4.84%, -

0.75%). The test-retest results showed that the B81 had lower variability than the Minishaker.   

The 122 dB FL and 127 dB FL levels were displayed on the same BA plot because, in 

theory, the different input dB FL should have similar percentage difference in agreement (e.g., 

if the B81 was going to vary by 2% between test-retest sessions, the variance should have 

consistently been 2% regardless of whether the input was 122 dB FL or 127 dB FL). This is 

shown to be true by the even scatter of points around the Y axis line. This same pattern is also 

shown by the increase in absolute amplitudes in µV – whilst the magnitude of the N10 or N10-

P15 increases, the relative percentage does not increase. This is an important result because 

it shows that there is no exponential error or variability in output when the input stimulus 

increases. 

The reduced variability in the B81 in comparison to the Minishaker could have been 

due to the setup, as the B81 had the P333 headband to aid the researcher in holding the 

device to the mastoid. The Minishaker had to be held by hand alone and is much heavier in 

weight (1kg). A further limitation to the test-retest data was that there were only 6 

participants who were able to be retested. This small sample size means that it is more likely 

to be skewed by any bias present. The Minishaker test-retest data in particular seemed to be 

skewed as shown by the large difference between the limits of agreement– the upper was 

3.51% and the lower was -0.36%. Considering that the test-retest was taken by the same 

transducer it was expected to have an even variance from the mean, e.g., 2% bias in either 

direction. Therefore, the lower limit only being at -0.36% shows that one session tended to 

have larger amplitudes elicited than the other.  
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4.1.9 Bland-Altman Plots: Agreement between Transducers 

On average, the B81 and the Minishaker never differed from each other in either N10 or N10-

P15 amplitude by more than 2%, which was within the predetermined limit of agreement. 

The majority of the N10 upper limits were also within the limits of agreement aside 

from the rarefaction phase only, where both the upper and lower were outside limits. 

However, the average difference was still no more than 2%. For all of the Minishaker vs B81 

transducer comparisons, the lower limit was always outside of agreement. This could be due 

to the possibility of skew to the predetermined limits as these were derived from only 6 

individuals.  As there may have been some error in the test re-test data, the absolute numbers 

of the BA plots for the B81 vs the Minishaker could be considered instead. 

The B81 only varied from the Minishaker in agreement by more than 5% for one 

condition, which was the condensation N10-P15. The average difference between the two 

means was at the largest 1.34% for the N10-P15 condensation oVEMP (Figure 39). 1.33% as 

the largest difference in oVEMP size between transducers is a clear result which indicates that 

the two transducers were measuring very close to identical oVEMP waveforms, at least as far 

as amplitude is concerned. If, for example, an oVEMP was measured at 5 µV by the 

Minishaker, a 1% difference would be 5.05 µV. This difference is small in real-world terms and 

is highly unlikely to produce any change in the interpretation of clinical findings. The largest 

reported difference was than 5.69%. If rounded to 6%, this would result in a 5 µV oVEMP 

being recorded as 5.3 µV. This difference is slightly larger; however, it would also likely appear 

very similar to the eye. Considering that oVEMPs are currently identified predominantly by 

visual inspection of the waveform (along with latency cues), 5-6% difference could be 

considered as an acceptable difference between transducers as it most likely won’t cause a 

large difference in human visual identification. 

Variation from perfect agreement is shown in all the Bland-Altman plots. This is 

probably because when recording oVEMPs there is variation in response size of the N10 

amplitude depending on location of the transducer on the mastoid; how much the participant 

maintains the up gaze during testing, and fatigue levels from the tester pressing the 

transducer against the mastoid. These are some of the main causes of variation which are 

difficult to control for completely and would occur in usual clinical scenarios. These could be 

reasons why perfect agreement is not achieved.  
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Overall, based on the results of the Bland-Altman plots, the B81 can be considered to 

elicit oVEMPs that agree (within 6%, and no more different on average than 2%) with the B&K 

Minishaker, at 122 dB FL and at 127 dB FL when elicited by a 500 Hz tone. 

4.1.10 Equivalence Results 
The equivalence test results for all conditions show that the N10 and the N10-P15 amplitudes 

are equivalent for both the 122 dB FL and 127 dB FL when elicited with a 500 Hz tone by either 

the Minishaker or the B81. This was shown by constructing equivalence upper and lower 

bounds based on the difference between the two transducers. Equivalence testing results 

vary depending on what the researcher finds statistically important and is relative to the 

group of interest (Wachs, 2015). For example, a difference in averages of 5 µV could be 

considered significant for oVEMP amplitude, but not for measuring an ABR. Therefore, it is up 

to the researcher to determine what is equivalence and what is not.  Usually, the smallest 

effect size of interest based on the literature and/or expert opinion is used to determine what 

difference is small enough to not be important (Lakens et al., 2018). Calculated C.I. was used 

as opposed to using normative values for an acceptable range of amplitudes, because there 

is no current normative accepted range; and due to the available test re-test data sample size 

of n=6 being too small to create confidence intervals. Further testing could involve using 

normative or a larger test-retest sample group to determine N10 and N10-P15 values and 

using these numbers to set equivalence bounds.  

4.1.11 Limitations: Physical Set-up Requirements 

For both transducers, the researcher had to hold the device to the participants mastoid for a 

sustained amount of time. This is obviously susceptible to fatigue as testing goes on and can 

cause differences in force applied to each transducer. The B81 was somewhat fatiguing to 

handle, as it had to be pressed firmly with two fingers. It was attached to a simple headband 

(P333 by Radioear); however, this headband did not provide the required static force needed 

for the B81 to stay secure against the skull for the dB FL that the oVEMPs require. In hindsight, 

if the testing had gone on for a longer duration of time, such as during frequency tuning, there 

could be the risk of the fatigue interfering with results. For further research, a suitable 

headband would make it more comfortable for the tester and the participant. The Minishaker 

also had to be held, which was fatiguing as it weighs 1.1 kg and the bolt attachment at the 

end was slippery. A major advantage the B81 had over the Minishaker was that the contact 
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area was slightly textured plastic and not polished (smooth) metal. This made it easier to 

maintain contact with skin of the mastoid especially for the sustained amount of time. 

4.1.12 Limitations: Lack of Normative oVEMP Values 

As previously mentioned, currently there is no normative oVEMP values in New Zealand. 

While there have been some guidelines published in the literature, these do not cover the 

conditions used in the present study (belly-tendon, with the B81), nor outline all of the 

parameters (residual noise, signal to noise, absolute amplitude). This makes comparisons 

between studies difficult. A review by Rosengren et al. (2010) suggest that an acceptable 

amplitude for the N10 is 8.99 ± 0.45 µV. Mueller et al. (2020) used the B81 to elicit oVEMPs 

with a mean amplitude of 8.39 ± 5.88 µV and 10.90 ± 6.98 µV (500 Hz, 65 dB HL) which the 

authors compare to B&K Minishaker oVEMPs found by Iwasaki et al. (2008) (which were 8 µV) 

and reasoned that as they are similar in amplitude they are therefore similar enough to be 

acceptable. The average N10 oVEMP amplitude in the present study were 1.98 µV and 2.68 

µV when recorded close to threshold (122 dB FL) and 4.05 and 4.23 µV at 127 dB FL. These 

are smaller than the oVEMPs reported in the literature, which could be due using a lower 

force level for the stimuli. 

Dorbeau et al. (2021) wrote a recent technical overview on how the oVEMP could be 

performed and suggested testing parameters. The authors report that either the forehead or 

mastoid can be stimulated but note that the forehead for BCV does require a higher force 

level. A suggested cycle amount is 50 to 100 cycles. However, they based their technical note 

around use of the B71 at 250 Hz, use 70 dB nHL and a tone duration of 10 ms, and use the 

traditional montage instead of the belly tendon montage. The B71 however has high 

distortion at 250 Hz, resulting in output frequency peaks at 380 Hz (Clinard et al., 2020), and 

70 dB nHL is close to the maximum output of the B71. A tone of 10 ms may also be too long, 

due to the size of electrical artefact and short latency of the N10. This short article is a good 

step in the right direction for beginning to outline acceptable oVEMP standards in the 

literature, however much more research and consistency between setups and parameters is 

still needed.  
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4.1.13 Limitations: Lack of Minishaker Consistency in the Literature 

Holmeslet et al. (2015) used a Minishaker attachment of 55 mm long, 20 mm diameter and 

end surface area of 175 mm2. Iwasaki et al. (2008) used an attachment with a cap surface 

area of 15.3 mm diameter and 735 mm diameter. Frohlich et al. (2021) used an attachment 

with a surface tip point of 1.75 mm2 mounted to an apparatus, with the participant lying in 

supine position; Todd et al. (2008b) also used a Perspex rod and attached the Minishaker to 

a floor-standing apparatus. These are just a few of many peer-reviewed studies which shows 

the variety in the set-up for use of the Minishaker. The cap used in the present study was a 

standard bolt provided by Brüel & Kjær. However, this variation in experiment procedures 

and setup shows the need for a standardised method for oVEMP testing if it was to be 

introduced to the audiology test battery. The initial polarity of the output from the Minishaker 

also varies per device as in one may occur in rarefaction, another may begin in condensation. 

In contrast, the B81 has a standard polarity inbuilt into it by the manufacturer (Frohlich et al., 

2021). Again, this wiring difference makes it difficult to standardise the Minishaker. Having a 

standard, calibrated and medically approved device for oVEMPs would be a good step in the 

direction of more routine clinical testing occurring. 
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4.2 Recommendations and Further Research 

The present study shows that the B81 is suitable for eliciting oVEMPs that agree and are 

equivalent with the Minishaker when the stimuli are suitably matched for peak force output. 

In the present study, this was achieved at two levels which were 122 dB FL and 127 dB FL. 

Higher force levels than this may not be appropriate in clinic due to the distortion and non-

linear output that occurs due to the equipment saturation. However, this force level of 127 

dB FL may not be suitably high for all populations, especially those which may have elevated 

thresholds (such as the elderly). This may merely reflect Eclipse device limitations (the Eclipse 

being the source of the stimuli), rather than a reflection of the transducers. 

 Furthermore, the literature shows a lack of standardisation in oVEMP set up and 

parameters – there is still variability and discussion over transducer placement, electrode 

montage, number of stimulus sweeps, and most appropriate frequency to use. In order to 

begin to create clarity around oVEMP protocols these need to be standardised. Normative 

values are crucial for the correct diagnostics of conditions. Other evoked potentials such as 

ABR, have extensive protocols which allows for widespread use by audiologists in clinical 

settings. Therefore, the development of such a protocol is crucial for increasing routine 

vestibular testing.  

4.2.1 Further Research: Chirp Stimui 

An alternative stimulus to a tone burst (such as was used in the present research) could be a 

chirp. A chirp is a stimulus designed to cover multiple frequencies. These can be either up-

chirps (rising frequency) or down-chirp (descending frequency) (Walther & Cebulla, 2016). 

Chirps have been found to have larger amplitude oVEMPs than tone bursts (Coban et al., 

2021; Mat et al., 2021; Walther & Cebulla, 2016). For example, using a band-limited CW-chirp 

which covers the frequencies the vestibular system to sensitive to (250 Hz to 1000 Hz) was 

found to elicit on average larger (3.5 ±  0.72 µV) oVEMPs via AC in comparison to a 500 Hz 

tone burst (2.9 µV ± 0.84) and clicks (2 µV) at 100 dB nHL (Walther & Cebulla, 2016). When 

using bone conduction, similar results were found that the chirp (360 to 720 Hz at 50 dB nHL) 

stimuli elicited larger N10-P15 oVEMP (11.64 ± 6.50 µV) responses than 500 Hz bone 

conduction (7.18 ± 3.76 µV) (Coban et al., 2021).  There were elicited with the B71. (Coban et 

al., 2021) 
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Chirps seem to have some effect on the latency of the N10-P15 complex. In the Coban 

et al. (2021) study the mean latency for the N10 to occur for the BC narrow band (NB) Claus 

Elberling (CE)-chirp stimuli was 6.41 ms ± 1.5, and the P15 occurred at 10.67 ±  1.48 ms. The 

same findings of shorter latencies from NB CE-chirp stimuli for the N10-P15 complex 

(N10=7.17ms at 500Hz, 7.84ms at 1000 Hz)  in comparison to tone burst (N10 at 10ms 500 

Hz, 9.84ms at 1000 Hz) was also found in the Mat et al. (2021) study for AC elicited oVEMPs. 

The shorter latencies from CE-chirp stimuli are not a phenomenon exclusive to either BC or 

AC CE-chirps as it occurs for both methods. The shorter latency may be from the nature of 

the stimuli itself – chirps have less frequency scattering and a shorter rise time than tone 

bursts (Coban et al., 2021). Therefore, since the oVEMP is an onset response, the chirp might 

be a more efficient stimuli as it has a more abrupt onset - no rise and fall like a tone burst 

does (Coban et al., 2021). However, this is relatively new area of interest so the exact 

mechanisms behind chirps and the vestibule neural responses are not known. However, these 

recent research results were completely different to the chirp results found in the Walther 

and Cebulla (2016) study where the N10 occurred at 10ms on average, and p15 at 15ms. 

Walther and Cebulla (2016) also found that clicks had the shortest N10 latency with the peak 

occurring around 7 ms. This may be due to differences in stimuli set-up. 

A key point to note is that CE-chirps cannot be performed by a Minishaker. Therefore, 

to use a CE-chirp stimuli headphones, ear buds or a BC transducer must be used. One of the 

studies (Coban et al., 2021) did have success in using the Radioear B71 to elicit oVEMPs at 50 

dB nHL with chirps. Reliable oVEMPs from the forehead have previously has not been 

successful with the B71 (Iwasaki et al., 2007). Being able to use a bone vibrator on the 

forehead would be clinically valuable in order to examine the asymmetry ratio, which is 

difficult to do from mastoid stimulation. This is because testing oVEMPs on the mastoid gives 

a higher asymmetry ratio in comparison as small differences in mastoid placement may have 

a large effect on the oVEMPs amplitude (Curthoys et al., 2009). Therefore using a CE-chirp 

and the B81 on the forehead may overcome this issue. Coban et al. (2021) study only used 

healthy participants who would have had low enough thresholds for the maximum output of 

the B71. Therefore, to examine CE-Chirps in participants with vestibular dysfunction a 

stronger bone vibrator would be needed to find the higher threshold levels. The study also 
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used AC only and no BCV. Further research is required using the B81 and CE-Chirps stimuli on 

different populations, with differing pathologies. 

Despite there being no normative values for oVEMPs elicited by tone bursts currently,  

Karaçaylı et al. (2020) aimed to provide normative values for the CE-Chirp. These were 

determined from an AC 100 dB nHL 500 Hz tone burst (2-2-2 ms) vs a 500 (360-720 Hz) NB-CE 

Chirp (9ms), at a rate of 5.1 ms. 250 rarefaction sweeps were performed, and the authors 

used the belly-tendon montage. The CE-Chirp was found to elicit significantly larger N10-P15 

amplitudes and shorter latencies than the tone burst (Karaçaylı et al., 2020). However, this 

study only used rarefaction sweeps, which may have had an effect on the oVEMP latencies, 

as discussed in section 4.1.7.  

4.2.2 Further Research: Occlusion Effect 

The occlusion effect is well known in audiology for enhancing BC thresholds for lower 

frequencies. A preliminary study by Murofushi et al. (2021) looked at whether BC oVEMPs 

through forehead stimulation from the B81 could also take advantage of this occlusion effect 

and result in enhanced oVEMPs. The findings of this study did indicate that with an ear plug 

the oVEMP waveforms had higher N10-P15 amplitudes (12 µV vs 9.5 µV, p=0.02), and an 

increased rate of oVEMP presence (four participants did not have oVEMPs without the ear 

plug in comparison to all participants had at least one oVEMPs with an ear plug). Murofushi 

et al. (2021) did not specify which ear was plugged and used forehead stimulation instead of 

mastoid. However, it could be useful to employ this technique when searching for the 

presence of an oVEMP if the thresholds are outside of the maximum output of the B81, such 

as being elevated due to age (Murofushi et al., 2021; Patterson et al., 2021). Further research 

could include using the earplug (one or both) for BC oVEMP elicitation.  

Currently, whilst new studies are emerging comparing the B81 to the Minishaker 

(Frohlich et al., 2021) or analysing the B81 technical performance (Clinard et al., 2020; Jansson 

et al., 2015) there still needs to be more research performed to ensure that the B81 is in fact 

suitable for oVEMPs. Along with amplitude, the latency of the oVEMP is an important 

parameter frequently reported in studies (Kizkapan et al., 2021; Patterson et al., 2021). In the 

present study, the latency was not analysed in favour of the amplitude. Research comparing 

agreement of N10 latency between the B81 and the B&K Minishaker is still needed. However, 
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overall, the present research supports the notion that the B81 may be a suitable alternative 

to the Minishaker in routine clinical oVEMP testing.  
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5 Conclusions   
The present study results show that the oVEMP amplitudes elicited from the B81 are within 

statistically defined limits of agreement of the oVEMPs elicited from the Minishaker. The 

oVEMPs are also statistically equivalent at both 122 dB FL and 127 dB FL. Despite the oVEMP 

themselves being similar, there were subtle differences present in the latencies and 

downstream oVEMPs. However, it difficult to match every element between transducers of 

different dimensions. Although it may not be clinically relevant to attempt to match every 

aspect perfectly, as despite subtle differences (latency, electrical artefact, downstream peaks) 

the results overall largely support agreement and equivalence. Matching the driving output 

force for an output stimulus (as was performed for this research) is important; but frequency 

should also be examined. This was not done in the present study but could be a primary focus 

for future research. 

Results here combined with the findings of another recent study found that BC 

oVEMPs were similar in amplitude and more reliable (within transducer) than the Minishaker 

(Frohlich et al., 2021). Recent studies show that CE-Chirp stimuli may overcome other 

limitations of the B81 such as the inability to elicit oVEMPs from the forehead when a tone 

burst is used (Coban et al., 2021; Rosengren et al., 2019). Further research to solidify these 

findings needed are testing patients with known vestibular pathologies, examining latencies, 

and different frequencies and/or stimuli. Overall, the present study indicates the B81 may be 

a clinically feasible option to replace the Minishaker in oVEMP testing. 
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7 Appendices 

Appendix I. Calibration Report 

Calibration report performed and written by Dr. Mike Maslin 

Introduction 

This report provides the methods and results of an output check and calibration of B81 and 

Minishaker transducers used in the present oVEMP research. 

Stimuli used in the research consisted of 1-cycle pure tone stimuli at 0.5 kHz. These stimuli, 

when delivered by the B81 transducer, were given an attenuator value (dial setting; dB dial) 

of 55-70 dB dial in steps of 5 dB. Two principal measurements were performed at each dial 

setting.  

i. The vibratory force output of the transducer via an artificial mastoid in dB FL.  

ii. The driving voltage delivered to the transducer in volts.  

 

This second feature enables an appreciation of the faithfulness with which the transducer 

converts the electrical stimulus into force. 

The Minishaker force output was then calibrated so that force levels were matched to those 

of the B81 as closely was feasible with the attenuation resolution (1dB) of the equipment. The 

driving voltages at these calibrated settings were then recorded. 

 

Figure 42. Schematic of static force of the transducers 

List of measurement items 

B&K Type 4930 artificial mastoid*; s/n 842280  

Oscilloscope 

B&K Type 2250 SLM*. Direct input from artificial mastoid via coaxial microdot connection. 

Output from SLM to oscilloscope via triaxial LEMO connection. Output set to +20dB gain.  

Clamp stand to couple Minishaker to artificial mastoid suspended using fish-weight spring. 
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Nominal 9.9N static pre-load using fish-weight spring. 

*items within respective calibration period.  

All measurements were performed on 7th October 2019 at Diatec NZ, an IANZ accredited 

acoustical metrology lab in Auckland, New Zealand. 

Devices and transducers 

Interacoustics Eclipse clinical EP device s/n 0956745 

B&K Type 4810 Minishaker driven by Philips PM5175 amp, connected to R AC socket of Eclipse 

(coupled to Minishaker with a B&K Type 8000 impedance head). 

Radioear B81 bone vibrator, connected to BC socket of Eclipse 

Instrument & Measurement set up display 

 

 

Figure 43. Schematic of calibration set up. 
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Figure 44. Schematic of Minishaker calibration. 

 

Figure 45. Schematic of B81 calibration 

Overview of procedure 

Each time a long-duration reference tone (or short duration signal) is delivered to the artificial 

mastoid the frequency specific intensity component is recorded. The SLM displays the output 

in dB SPL, which can be converted to dB FL via the calibration constant of the artificial mastoid 

[94 dB = 50mV], and accounting for the force sensitivity of the artificial mastoid (Fsens). 
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The Fsens correction is necessary because the amount of force delivered to the mastoid is 

higher than the measured SPL values of the SLM i.e., the SLM and artificial mastoid have 

different sensitivities to force. 

The below provides the calculations to convert dB SPL displayed by SLM into dB FL for a long 

duration reference tone. 

It is also necessary to convert peak-to-peak voltages displayed on oscilloscope into dB FL as 

these are necessary for accurate measurement of short duration signals (i.e., test stimuli). 

That is, stimuli that are shorter than the integration period of the sound level meter, thus 

under sampled.  

n.b. the SLM output is in RMS, but the oscilloscope provides a peak-to-peak voltage. 

 VRMS = Vpeak x 0.707. 

n.b. the SLM was set to add 20 dB to the signal that is output to the oscilloscope. The rationale 

is to raise the output signal well above the noise floor and improve measurement precision 

when performing peak-to-peak voltage readings on the oscilloscope. This artificial 20 dB of 

gain is later subtracted from the oscilloscope voltage readings. 

1khz reference tone check 

1. Output 1 kHz reference tone from EP machine to each transducer, and ensure output 

corresponds to 94 dB FL on SLM.  [Artificial mastoid calibration constant is 94 dB FL = 

50mV] 

 

2. For each, note peak-to-peak voltage on scope and cross-check with SLM reading. They 

should match. 

 

3. Confirm attenuator linearity by adjusting signal level in a range of 20 dB. 

 

4. Move to short duration stimuli of interest. Capture each stimulus on scope and note 

peak-to-peak voltage. Convert to dB FL via below equations.  

dB FL is calculated via the following three equations: 

𝑉 = 𝑝𝑜 𝑥 10
𝐿𝑠𝑝𝑙

20  
 

𝐹 =
𝑉

𝐹𝑠𝑒𝑛𝑠
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𝑑𝐵 𝐹𝐿 = 20 𝑥 𝑙𝑜𝑔
𝐹

𝐹𝑜
 

 

𝑝𝑜  = reference pressure of 1 µPa 

𝐹𝑠𝑒𝑛𝑠  = force sensitivity of artificial mastoid; 0.1135 V / N @ 1 kHz or 18.9 dB 
 

𝐹𝑜 = reference force of 1 µN  

 

Reference tone check for Minishaker  

SLM reading [L]   = 75.2 dB  p-to-p voltage on scope (+20dB) = 0.164 

V 

Mastoid correction in dB at 1 kHz  = 18.9 dB 

Total     = 94.1 dB FL 

SLM       Scope 

𝑉 = 0.000001 𝑥 10
75.2

20      𝑉𝑝−𝑡𝑜−𝑝 = 0.164 

𝑉 = 0.005754399      𝑉𝑅𝑀𝑆 = 0.057974 

𝐹 =
𝑉

0.1135
                                                                                    𝐹 =

𝑉

0.1135
 

𝐹 = 0.050699071                                                                             𝐹 = 0.51078 

 

𝑑𝐵 𝐹𝐿 = 20 𝑥 𝑙𝑜𝑔
𝐹

0.001
                                                     𝑑𝐵 𝐹𝐿 = 20 𝑥 𝑙𝑜𝑔

𝐹

0.001
 

𝑑𝐵 𝐹𝐿 = 114.16 

 

𝑑𝐵 𝐹𝐿 = 𝟗𝟒 . 𝟏                                                                            𝑑𝐵 𝐹𝐿 − 20 = 𝟗𝟒. 𝟏𝟔 

Reference tone check for B81 

SLM reading [L]   = 75.1 dB  p-to-p voltage on scope (+20dB) = 0.164 

V 

Mastoid correction in dB at 1 kHz  = 18.9 dB 

Total     = 94 dB FL 

SLM       Scope 
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𝑉 = 0.000001 𝑥 10
75.1

20      𝑉𝑝−𝑡𝑜−𝑝 = 0.164 

𝑉 = 0.0056885      𝑉𝑅𝑀𝑆 = 0.057974 

𝐹 =
𝑉

0.1135
                                                                                    𝐹 =

𝑉

0.1135
 

𝐹 = 0.0501187                                                                             𝐹 = 0.51078 

 

𝑑𝐵 𝐹𝐿 = 20 𝑥 𝑙𝑜𝑔
𝐹

0.001
                                                     𝑑𝐵 𝐹𝐿 = 20 𝑥 𝑙𝑜𝑔

𝐹

0.001
 

𝑑𝐵 𝐹𝐿 = 114.16 

 

𝑑𝐵 𝐹𝐿 = 𝟗𝟒                                                                             𝑑𝐵 𝐹𝐿 − 20 = 𝟗𝟒. 𝟏𝟔 

Attenuator linearity check 

 

Figure 46. Attenuator output 
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Waveforms on oscilloscope

 

Figure 47. Long duration signal output. 

Short duration signals force output 

All stimuli used in the research were a single cycle of a 0.5 kHz tone  

 

B81  

Instrument dial setting 
[dB dial] 

Stimulus starting 
phase 

Peak-to-peak 
voltage 

dB FL 

55  Condensation 4.13 122.59 
 Rarefaction 4.1 122.52 
60 Condensation 7.16 127.37 
 Rarefaction 7 127.17 
65 Condensation 10.7 130.86 
 Rarefaction 10.3 130.52 
70 Condensation 11.2 131.25 
 Rarefaction 11.2 131.25 

 

 

Minishaker 

Instrument dial setting 
[dB dial] 

Stimulus starting 
phase 

Peak-to-peak 
voltage 

dB FL 

106 Condensation 3.86 122 
 Rarefaction 3.76 121.77 
112 Condensation 7.6 127.88 
 Rarefaction 7.3 127.53 
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116 Condensation 9.2 129.54 
 Rarefaction 9.2 130.18 
120 Condensation 9.86 130.15 
 Rarefaction 11.1 131.17 

 

Short duration signals driving voltage output  

 

B81  

Instrument dial setting [dB dial] Stimulus starting phase Peak-to-peak voltage 

55  Condensation 4.16 
 Rarefaction 4 
60 Condensation 7.33 
 Rarefaction 7.46 
65 Condensation 10.3 
 Rarefaction 10.4 
70 Condensation 17.8 
 Rarefaction 18.1 

 

 

Minishaker 

Instrument dial setting [dB dial] Stimulus starting phase Peak-to-peak voltage 

106 Condensation 4.18 
 Rarefaction 4.11 
112 Condensation 7.46 
 Rarefaction 7.5 
116 Condensation 10.5 
 Rarefaction 10.4 
120 Condensation 15.2 
 Rarefaction 15.3 
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Figure 48. Input/output function for driving voltage to transducer 

Example waveforms 

 

Figure 49. Short duration signal output 
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Concluding comments 

i. The long duration reference tone was faithfully transduced by both B81 and 

Minishaker, but neither transducer faithfully reproduced the driving signal for the 

short duration signal. The transient responses of the two transducers differ, though 

subjectively, the Minishaker seems to offer a closer reproduction of the stimulus.  

 

While the oVEMP is considered an onset response, the ongoing vibrations (ringing) of 

the transducers will be expected to lead to different patterns of stimulation of the 

utricle downstream of the initial N10-P15 response, even if the peak-to-peak force 

levels are matched. 

 

These differing transient responses of the two transducers need to be accounted for 

by the metrologist when performing traditional peak-to-peak equivalent calibration 

methods. 

 

ii. Note the Minishaker is apparently configured in the opposite polarity to the B81, so 

that a rarefaction starting phase in the driving signal will provide a rarefaction 

response from the B81 transducer but a condensation response from the Minishaker. 

 

We have compensated in the VEMP data by flipping the data for the Minishaker.  

 

However, this means that at each stimulus level the first and second movement of one 

transducer (Minishaker) were matched to the second and third movement of the 

other transducer (B81). This may lead to different patterns of stimulation of the utricle 

in practice. 

 

iii. The difference in force levels with condensation or rarefaction starting phases was 

less with the B81 and greater with the Minishaker, although the maximum discrepancy 

was around 1 dB. 

 

iv. The attenuator of the EP device behaved linearly for the BC outputs from 55-65 dB 

dial (AC output 106-116 dB dial) 
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Appendix II. Python code 

 

# ------------------------------------------------------------------------------- 

# Name:        swap_left_ear_right_ear_pandas 

# 

# Author:      Ruby Garbutt 

# Created:     21/08/2021 

# 

# Notes:       Swaps the {N} buffer and {N} contra samples for a given left or 

#              right ear, where {N} is either A or B. Writes the results to a 

#              flipped version of the original CSV 

# ------------------------------------------------------------------------------- 

 

import pandas as pd 

import numpy as np 

 

df = pd.read_csv(r'C:\Personal\Test_retest\Retest_120_data.csv') 

 

# update: now added length detection for each csv file 

 

# check that there are equal amounts of measurement samples for each section 

otherwise return an error 

try: 

    len_a_contra = df.filter(like='A contra (µV) sample').columns[-1] 

    len_a_contra = [int(s) for s in len_a_contra.split() if s.isdigit()][0] 

    len_b_contra = df.filter(like='B contra (µV) sample').columns[-1] 

    len_b_contra = [int(s) for s in len_b_contra.split() if s.isdigit()][0] 

    len_a_ipsi = df.filter(like='A ipsi (µV) sample').columns[-1] 

    len_a_ipsi = [int(s) for s in len_a_ipsi.split() if s.isdigit()][0] 

    len_b_ipsi = df.filter(like='B ipsi (µV) sample').columns[-1] 

    len_b_ipsi = [int(s) for s in len_b_ipsi.split() if s.isdigit()][0] 

    if len_a_ipsi == len_b_ipsi == len_a_contra == len_b_contra: 

        len = len_a_ipsi # all equal so just take the length of the first one 

    else: 

        raise ValueError('') 

except (ValueError): 

    raise ValueError 

 

# if the row is a left ear, swap the A buffer and A contra samples, otherwise leave 

as is. 

# Repeats for the B buffer and B contra samples 

for i in range(len + 1): 

    ipsi_address = 'Ipsi (µV) sample {}'.format(i) 

    contra_address = 'Contra (µV) sample {}'.format(i) 

    df[ipsi_address], df[contra_address] = np.where(df['File 

name'].str.startswith("LE"), (df[contra_address], df[ipsi_address]), 

(df[ipsi_address], df[contra_address])) 

    a_ipsi_address = 'A ipsi (µV) sample {}'.format(i) 

    a_contra_address = 'A contra (µV) sample {}'.format(i) 

    df[a_ipsi_address], df[a_contra_address] = np.where(df['File 

name'].str.startswith("LE"), (df[a_contra_address], df[a_ipsi_address]), 

(df[a_ipsi_address], df[a_contra_address])) 

    b_ipsi_address = 'B ipsi (µV) sample {}'.format(i) 

    b_contra_address = 'B contra (µV) sample {}'.format(i) 

    df[b_ipsi_address], df[b_contra_address] = np.where(df['File 

name'].str.startswith("LE"), (df[b_contra_address], df[b_ipsi_address]), 

(df[b_ipsi_address], df[b_contra_address])) 

 

df.to_csv(r'C:\Personal\Test_retest\Retest_120_flipped.csv') 
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Appendix III. 122 dB FL rarefaction and condensation results 
 

Table 7. Descriptive statistics for the 122 dB F rarefaction oVEMP. 

                   

122 dB FL rarefaction  Mean Median SD p-value 

B81 N10   3.20   1.55   5.73   
0.05* 

  

Minishaker N10   4.75   3.09   6.51     

B81 p15   -2.84   -1.54   4.39   
0.001* 

  

Minishaker P15   -5.84   -4.02   6.59     

B81 N10-P15   6.04   3.01   9.98   
0.005* 

  

Minishaker N10-P15   10.59   5.55   12.96     

B81 RMS noise   0.94   0.85   0.41   
0.21 

  

Minishaker RMS noise   0.81   0.82   0.29     

B81 RMS artefact   13.65   10.10   14.43   
0.005* 

  

Minishaker RMS 

artefact 
  1.92   1.60   0.96     

B81 17-25ms   3.43   1.39   5.39   
0.002* 

  

Minishaker 17-25ms   5.91   3.37   7.29     

B81 25 to 60ms   1.78   1.02   1.81   
0.54 

  

Minishaker 25 - 60ms   2.02   1.38   1.88     

B81 SNR   7.70   3.34   15.01   
0.012* 

  

Minishaker SNR   12.66   6.44   13.48     

 

Table 8. Descriptive statistics for the 122 dB FL condensation oVEMP. 

122 dB FL Condensation  Mean Median SD p-value 

B 81 N10   2.08   1.22   2.96       

Minishaker N10   2.10   1.47   2.36   0.96   

B81 P15   -2.18   -1.32   2.45       

Minishaker P15   -3.22   -1.71   3.38   0.10   

B81 N10-P15   4.26   2.78   5.10       

Minishaker N10-P15   5.32   2.68   5.61   0.17   

B81 RMS noise   0.91   0.72   0.58       

Minishaker RMS noise   0.84   0.77   0.32   0.60   

B81 RMS artefact   13.64   10.15   14.35       

Minishaker RMS artefact   1.84   1.65   0.91   0.004*   

B81 17 - 25ms   2.82   1.67   3.99       

Minishaker 17 - 25ms   3.17   1.86   3.78   0.22   

B81 25 - 60   1.55   1.18   1.19       

Minishaker 25 - 60 ms   1.68   1.38   1.07   0.49   

B81 SNR   6.29   3.58   10.21       

Minishaker SNR   6.55   4.09   5.95   0.87   
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Appendix IV. 127 dB FL rarefaction and condensation results. 
 
Table 9. Descriptive statistics for the 127 dB F rarefaction oVEMP. 

 127 dB FL rarefaction Mean Median SD p-value 

B81 N10   6.43   3.06   8.23   
0.66 

  

Minishaker N10   7.11   7.21   7.25     

B81 p15   -6.41   -3.18   7.27   
0.31 

  

Minishaker P15   -7.93   -6.35   7.65     

B81 N10-P15   12.84   6.46   15.30   
0.46 

  

Minishaker N10-P15   15.04   12.00   14.60     

B81 RMS noise   0.90   0.90   0.35   
0.12 

  

Minishaker RMS noise   1.19   1.11   0.91     

B81 RMS artefact   28.25   19.59   26.86   
0.002* 

  

Minishaker RMS artefact   3.40   2.91   2.31     

B81 17 - 25ms   6.30   4.03   7.40   
0.28 

  

Minishaker 17 - 25ms   7.37   5.55   7.74     

B81 25 to 60ms   2.04   1.40   1.99   
0.60 

  

Minishaker 25 - 60ms   2.17   1.56   1.84     

B81 SNR   16.02   7.27   21.38   
0.66 

  

Minishaker SNR   17.59   10.31   21.32     

 

Table 10. Descriptive statistics for the 127 dB F condensation oVEMP. 

                    

127 dB FL condensation  Mean Median SD p-value 

B81 N10   3.61   2.40   5.34       

Minishaker N10   4.05   3.04   4.77   0.61   

B81 p15   -4.88   -3.13   5.08       

Minishaker P15   -4.32   -3.56   3.92   0.61   

B81 N10-P15   8.48   4.71   10.17       

Minishaker N10-P15   8.38   6.25   8.50   0.95   

B81 RMS noise   0.95   0.86   0.39       

Minishaker RMS noise   0.85   0.77   0.32   0.39   

B81 RMS artefact   28.67   19.90   28.36       

Minishaker RMS artefact   3.25   2.49   2.32   0.002*   

B81 17-25ms   5.07   2.97   6.07       

Minishaker 17-25ms   3.96   3.42   2.36   0.38   

B81 25 to 60ms   1.72   1.17   1.58       

Minishaker 25 - 60ms   1.79   1.40   0.97   0.78   

B81 SNR   3.36   1.29   5.34       

Minishaker SNR   10.02   6.44   9.46   0.010*   
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Appendix V. 130 dB FL results 

 

Figure 50. 130 dB FL alternating oVEMP trace 

  

Figure 51. 130 dB FL rarefaction oVEMP trace 
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Figure 52. 130 dB FL condensation oVEMP trace 

 

Table 11. Descriptive statistics for the 130 dB FL alternating oVEMP. 

Alternating 130 dB FL  Mean Median SD p-value 

B81 N10   10.19   6.40   10.92   
0.39 

  

Minishaker N10   8.32   6.43   7.83     

B81 P15   -13.97   -9.27   12.37   
0.13 

  

Minishaker P15   -10.33   -8.12   8.54     

B81 N10-P15   24.16   15.66   23.13   
0.22 

  

Minishaker N10-P15   18.65   14.59   16.11     

B81 RMS noise   0.65   0.61   0.28   
0.30 

  

Minishaker RMS noise   0.75   0.68   0.36     

B81 RMS artefact   3.30   0.83   9.94   
0.35 

  

Minishaker RMS artefact   0.88   0.90   0.36     

B81 17- 25ms   9.66   6.66   10.77   
0.041* 

  

Minshaker 17 - 25ms   6.59   3.77   6.30     

B81 25 - 60ms   2.55   1.54   2.39   
0.05 

  

Minishaker 25 - 60ms   1.87   1.40   1.40     

B81 SNR   43.10   25.58   48.68   
0.17 

  

Minishaker SNR   27.13   24.70   22.28     
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Table 12. Descriptive statistics for the 130 dB FL rarefaction oVEMP 

Rarefaction 130 dB FL Mean Median SD p-value 

B 81 N10   14.90   8.22   15.52       

Minishaker N10   13.92   11.83   13.14   0.77   

B81 P15   -16.12   -9.70   15.04       

Minishaker P15   -16.04   -14.13   12.27   0.98   

B81 N10-P15   31.01   17.10   30.42       

Minishaker N10-P15   29.96   25.28   24.89   0.86   

B81 RMS noise   1.02   0.77   0.79       

Minishaker RMS noise   0.99   0.91   0.51   0.84   

B81 RMS artefact   44.60   35.16   26.27       

Minishaker RMS artefact   4.42   3.67   2.55   < .001   

B81 17 - 25ms   10.56   7.87   11.26       

Minishaker 17 - 25ms   11.02   7.10   10.10   0.69   

B81 25.3- 60   2.68   1.65   2.45       

Minishaker 25.3 - 60 ms   2.79   2.13   2.23   0.63   

B81 SNR   36.95   18.69   40.62       

Minishaker SNR   36.05   30.75   30.72   0.93   

 

 

Table 13 . Descriptive statistics for the 130 dB FL condensation oVEMP. 

Condensation 130 dB FL  Mean Median SD p-value 

B81 N10   10.90   6.49   12.68   
0.47 

  

Minishaker N10   9.43   5.17   10.71     

B81 P15   3.89   0.33   7.05   
0.001* 

  

Minishaker P15   -8.65   -5.45   8.71     

B81 N10-P15   7.25   2.62   9.99   
0.009* 

  

Minishaker N10-P15   18.07   12.38   18.76     

B81 RMS noise   1.10   0.93   0.55   
0.87 

  

Minishaker RMS noise   1.07   0.99   0.54     

B81 RMS artefact   42.18   34.94   20.85   
<0.001 

  

Minishaker RMS artefact   4.47   3.50   2.21     

B81 17 - 25ms   8.97   5.32   10.39   
0.12 

  

Minishaker 17 - 25ms   6.52   4.74   5.58     

B81 25 - 60   2.67   1.61   2.30   
0.63 

  

Minishaker 25  - 60 ms   2.46   1.92   1.68     

B81 SNR   7.44   3.06   10.85   
0.014* 

  

Minishaker SNR   18.23   8.68   17.54     
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Appendix VI. 131 dB FL results 

 

Figure 53. 131 dB FL alternating oVEMP trace. 

 

 

  

Figure 54. 131 dB FL rarefaction oVEMP trace. 
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Figure 55. 131 dB FL condensation oVEMP trace 

 

Table 14. Descriptive statistics for the 131 dB FL alternating oVEMP. 

131 dB FL Alternating  Mean Median SD p-value 

B 81 N10   13.39   11.19   11.52   
0.11 

  

Minishaker N10   9.92   9.39   7.94     

B81 P15   -17.47   -15.31   13.64   
0.12 

  

Minishaker P15   -13.90   -10.80   11.68     

B81 N10-P15   30.87   26.50   25.02   
0.11 

  

Minishaker N10-P15   23.82   20.99   19.34     

B81 RMS noise   0.62   0.57   0.27   
0.57 

  

Minishaker RMS noise   0.66   0.60   0.31     

B81 RMS artefact   1.48   1.31   0.52   
0.003* 

  

Minishaker RMS artefact   0.93   0.91   0.35     

B81 17 - 25ms   11.19   8.56   10.36   
0.02* 

  

Minishaker 17 - 25ms   8.37   6.16   7.74     

B81 25 - 60   2.73   1.77   2.56   
0.06 

  

Minishaker 25 - 60 ms   2.01   1.61   1.35     

B81 SNR   47.79   43.15   31.96   
0.25 

  

Minishaker SNR   40.72   28.24   33.92     

 

 

 

-40

-30

-20

-10

0

10

20

30

40

-2
0

-1
5

-1
0 -5 0 5

1
0

1
5

2
0

2
5

3
0

3
5

4
0

4
5

5
0

5
5

6
0

6
5

7
0

7
5

8
0

8
5

9
0

9
5

1
0

0

1
0

5

1
1

0

1
1

5

1
2

0

1
2

5

1
3

0

1
3

5

A
m

p
lit

u
d

e 
(µ

V
)

Time (ms)

Condensation



New technologies in Ocular Vestibular Evoked Myogenic Potentials 

 

142 
 

Table 15. Descriptive statistics for the 131 dB FL rarefaction oVEMP. 

131 dB FL Rarefaction  Mean Median SD p-value 

B 81 N10   17.50   13.60   15.93   
0.66 

  

Minishaker N10   16.04   16.09   12.98     

B81 P15   -20.18   -17.22   16.50   
0.69 

  

Minishaker P15   -19.07   -17.50   14.37     

B81 N10-P15   37.68   30.69   32.14   
0.67 

  

Minishaker N10-P15   35.11   33.61   26.78     

B81 RMS noise   0.96   0.92   0.46   
0.77 

  

Minishaker RMS noise   0.92   0.76   0.39     

B81 RMS artefact   51.65   48.74   29.76   
<0.001* 

  

Minishaker RMS artefact   5.21   4.52   2.64     

B81 17 - 25ms   12.04   10.29   10.51   
0.89 

  

Minishaker 17 - 25ms   12.17   9.02   10.39     

B81 25 - 60   2.91   2.10   2.59   
0.58 

  

Minishaker 25  - 60 ms   2.79   2.14   2.09     

B81 SNR   41.22   29.61   34.24   
0.66 

  

Minishaker SNR   45.40   33.85   41.08     

 

Table 16. Descriptive statistics for the 131 dB FL condensation oVEMP. 

131 dB FL Condensation  Mean Median SD p-value 

B 81 N10   14.70   12.47   12.82     
0.27 

Minishaker N10   12.29   8.83   11.09     

B81 P15   -15.49   -12.96   11.26     
0.17 

Minishaker P15   -13.04   -8.94   12.43     

B81 N10-P15   30.18   24.81   23.79     
0.21 

Minishaker N10-P15   25.32   19.93   23.10     

B81 RMS noise   0.94   0.93   0.25     
0.88 

Minishaker RMS noise   0.96   0.78   0.66     

B81 RMS artefact   51.12   48.19   29.34     
<0.001* 

Minishaker RMS artefact   5.62   5.42   2.33     

B81 17 - 25ms   10.54   7.62   10.29     
0.038* 

Minishaker 17 - 25ms   7.74   5.88   6.62     

B81 25 - 60   2.74   2.04   2.52     
0.32 

Minishaker 25  - 60 ms   2.39   1.88   1.82     

B81 SNR   32.02   27.72   25.74     
0.50 

Minishaker SNR   28.42   22.44   21.31     
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Appendix VII. Ethical approval 

 


