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Abstract

Vestibular perceptual thresholds refer to the motion intensity required to enable a

participant to detect or discriminate a motion based on vestibular input. Using passive

motion profiles provided by six degree-of-motion platforms, vestibular perceptual

thresholds can be estimated for any kind of motion and thereby target each of the

sub-components of the vestibular end-organ. Assessments of vestibular thresholds

are clinically relevant as they complement diagnostic tools such as caloric irrigation,

the head impulse test (HIT), or vestibular evoked myogenic potentials (VEMPs), which

only provide information on sub-components of the vestibular system, but none of

them allow for assessing all components. There are several methods with different

advantages and disadvantages for estimating vestibular perceptual thresholds. In this

article, we present a protocol using an adaptive staircase algorithm and sinusoidal

motion profiles for an efficient estimation procedure. Adaptive staircase algorithms

consider the response history to determine the peak velocity of the next stimuli and

are the most commonly used algorithms in the vestibular domain. We further discuss

the impact of motion frequency on vestibular perceptual thresholds.

Introduction

The human vestibular end-organ consists of five components,

each optimized for detecting a specific component of the

natural motion spectrum. The three semicircular canals are

oriented roughly orthogonal to each other, which allows

them to detect head rotations around three axes. The

canals are accompanied by two macula organs for the

registration of translational accelerations along the vertical

axis or in the horizontal plane1 . A functional decline or

loss in each of the five components can lead to severe

symptoms such as dizziness, vertigo, imbalance, and an

increased risk of falling2 . However, objectively assessing the

function of all components separately is a laborious task and

requires multiple assessments3 . For example, the state of the

horizontal canal is typically assessed through caloric irrigation

and the head impulse test (HIT). The current gold standard for

assessing the macula organs is vestibular evoked myogenic

potentials (VEMPs). By combining multiple assessments,

clinicians arrive at a more complete picture of the vestibular
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state from which they can derive diagnosis and treatment

options.

A promising approach for quantifying vestibular performance

is vestibular perceptual thresholds, which provide an

objective, quantitative measure of the lowest self-motion

intensity that can be reliably detected or discriminated by a

participant. Even though perceptual threshold procedures are

well established in some clinical disciplines (e.g., audiology),

perceptual vestibular thresholds are not yet used for

diagnostic purposes in the vestibular domain4 . One reason

for this is the non-availability of motion platforms and easy-

to-use software. In principle, motion platforms and rotatory

chairs can be used for threshold estimation. However, while

six-degree-of-freedom (6DOF) motion platforms are suitable

for estimating thresholds for various motion profiles, enabling

the investigation of all five sub-components of the vestibular

organ, rotatory chairs can only be used for accessing rotations

in the horizontal (yaw) plane1,4 .

Vestibular thresholds are typically estimated for translations

along the three main axes (naso-occipital, inter-aural, head-

vertical) and for rotations around them (yaw, pitch, roll),

as visualized in Figure 1. Vestibular perceptual thresholds

also depend on the stimulus frequency5 . To account for

this, motion profiles with a sinusoidal acceleration profile,

consisting of a single frequency, are most often used for

threshold estimation, but other profiles6,7 ,8  have also been

used in the past.

Vestibular perceptual thresholds provide a tool for studying

the interaction between vestibular sensation and higher

cognitive processes. Thresholds, therefore, supplement

clinical assessments such as the HIT, caloric irrigation, and

vestibular evoked potentials, which rely on mechanisms

(reflex arcs) bypassing the cortex. Additionally, vestibular

perceptual thresholds estimated on a motion platform assess

vestibular function in an ecologically valid setting9 , rather than

using artificial stimulation, which introduces multi-sensory

conflicts1 .

Due to the bidirectional nature of vestibular stimuli10 , it is

common to estimate vestibular discrimination rather than

detection thresholds4 . During a discrimination task, the

participant perceives a stimulus and must decide which

category it belongs to. For example, participants must

decide in which direction they are moved (e.g., left/right).

The theoretical framework for the threshold estimation is

signal detection theory10,11 . Discrimination thresholds can

be estimated using various approaches, but in the vestibular

domain, adaptive staircase procedures are the standard. In

an adaptive staircase procedure, the intensity, typically the

peak velocity, of the subsequent movement depends on the

participants' response (correct/incorrect) to the last stimulus/

stimuli. Adaptive staircase procedures can be implemented

in many ways12 , but the most frequently used algorithm in

vestibular research is x-down/y-up procedures with fixed step

sizes. For example, in a three-down/one-up staircase, the

stimulus intensity is reduced after the participant has given

correct answers in three subsequent trials, but the intensity is

increased whenever an incorrect answer has been provided

(Figure 2). The exact selection of x and y in a x-down/y-

up staircase enables one to target different threshold values

(percentage of correct responses)13 . A three-down/one-up

staircase targets the intensity where participants correctly

respond in 79.4% of the trials. Besides adaptive staircase

procedures, other studies14  have used predefined, fixed

intensities for threshold estimations. Using fixed intensities

allows for estimating the whole psychometric function, which

contains a lot more information than a single threshold value.

However, fixed intensity procedures are time-consuming and
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less efficient when only a specific threshold value is of

interest.

This article describes a protocol for estimating vestibular

recognition thresholds using a 6DOF motion platform and an

adaptive staircase procedure.

Protocol

All data used for this manuscript were recorded after

participants gave their informed consent and in line with the

ethics approval of the Faculty of Human Sciences of the

University of Bern [2020-04-00004].

1. Materials

1. In order to estimate vestibular perception thresholds,

ensure that there is access to a motion platform or a

rotatory chair.

2. Ensure that a control software for programming the

motion profiles and interfacing the motion platform is

present.
 

NOTE: PlatformCommander15,16 , an open-source

software package to interface the motion platform,

was used in this study. PlatformCommander allows for

defining sinusoidal acceleration profiles, which are often

used to estimate vestibular thresholds.

3. Ensure that a response device, for example, a game

controller, is present for registering the participants'

responses.

4. Motion platforms produce noise correlated with the

movement intensity. Participants can use this auditory

noise as an additional, unintended source of information

during the estimation of vestibular perception thresholds.

To mask the sound of the platform, present the

participants with white noise via noise-canceling

headphones during each trial.

5. Blindfold the participants to eliminate the influence of

visual motion cues.

6. Decide on which estimation algorithm to use and define

the respective parameters. If a staircase approach is

used, define the starting point, the step size, the up-

date, and termination rules. If the user does not know

what values to choose, perform pilot measurements

or consult the literature. Defaults are provided by

the example scripts available online (https://gitlab.com/

dr_e/2022-jovedemo).
 

NOTE: The starting point defines the peak velocity of

the platform in the first trial. Determine suitable starting

velocities by pilot testing or by consulting the threshold

literature (for yaw thresholds, see Grabherr et al.5 ).

The step size describes by how much the intensity

changes between trials. The up-date rule describes

whether and how the stimulation intensity is changed

based on the participants' responses. In the vestibular

domain, a three-down/one-up staircase procedure is

common. This means that the intensity is decreased

after three consecutive correct answers but increased

after each wrong answer. The termination criteria are

usually defined by either a fixed number of trials or

the number of intensity reversals. Intensity reversals are

trials in which the response causes an intensity increase

after one or more intensity decreases or vice versa. The

provided script keeps track of the reversals, terminates

the procedure, and automatically calculates the final

threshold value.

7. Decide for which frequency the threshold needs to be

estimated. In the demonstration, 1 Hz was used.
 

https://www.jove.com
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NOTE: Vestibular thresholds are typically investigated for

frequencies between 0.1 and 5 Hz, and thresholds are

known to decrease as stimulation frequency increases3 .

8. Decide for which type of motion the threshold needs to

be estimated. In the demonstration, yaw rotations are

performed.
 

NOTE: Thresholds can be estimated for translations

and rotations. Thresholds are most often estimated for

the three main axes (naso-occipital, inter-aural, head-

vertical) and the rotations around them (roll, pitch, yaw).

The provided script only estimates one defined motion

(direction, frequency) at a time. However, for estimating

multiple thresholds, the script can be rerun with the same

or different motion parameters (direction, frequency,

rotation axes).

9. Start every threshold estimation procedure with training,

allowing the participant to familiarize themselves with the

task. Use the script "threshold-training.jl" available online

(see step 1.6) for this purpose.
 

NOTE: The training script presents a series of supra-

threshold motion stimuli. The test script automatically

controls the estimation procedure, handles the

staircase algorithm updating, the stimulus intensity, the

presentation of the motion stimulus, the presentation of

auditory white noise during each motion stimulus, as well

as the logging of all relevant data. During the training,

ensure that the participant understands the task and

provide guidance in case of uncertainties.

2. Instructions

1. Explain the experimental procedure to the participant and

obtain informed consent.

2. Seat the participant on the chair mounted on the motion

platform.

3. Secure the participant using seat belts.

4. Give the response buttons to the participant and explain

how the keys are assigned to the responses.

5. Blindfold the participant. Position the headphones on the

participant's head.

6. Apply a proper head fixation.

7. Turn on the motion platform using the main, battery, and

controller switch.

8. Ensure that the area around the platform is clear and that

no people can approach the moving platform during the

test.

9. Start the training procedure script by typing julia

threshold-training.jl into the command line.

10. Inform the participant about the engagement of the

motion platform.

11. Ensure a successful initialization of the session by

checking the status displayed in the GUI of the server

software (PlatformCommander). When successfully

initialized, the status display will switch from Session

Not Underway to Short Sequence. It will also display

the IP address of the connected client and the time

when the session was initialized. If the session is not

successfully initialized after a few seconds, check the

network connection between the client and the server.

Ensure that the motion platform is switched on and that

the controller is connected.

12. Ensure that the participant understands the task, point

out mistakes by the participant (e.g., when they push the

wrong buttons), and respond to potential questions the

participant may have.

https://www.jove.com
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13. Inform the participant that the training procedure is

finished, and the estimation procedure is about to start.

14. Start the estimation procedure script by typing julia

threshold-test.jl into the command line.

15. Supervise the fully automated estimation procedure until

the termination criteria are reached.

16. Depending on the design, repeat the procedure starting

at step 2.13 using different stimuli or terminate the

procedure.

17. Park the motion platform.

18. Remove the head fixation, headphones, blinder, and

buttons, and let the participant descend.

19. Debrief the participant about the procedure and ask them

about their experience to improve further experiments.
 

NOTE: The procedure can be paused and then

restarted at any time, preferably not during the threshold

estimation phase (steps 2.15-2.17).

Representative Results

The result of the described procedure is a graph showing the

used stimulus intensities over trials (Figure 2). The intensities

should converge toward a constant value (Figure 2, dashed

line). The adaptive staircase procedure links an acceleration

intensity to the motion perception of the participant. The

threshold is typically calculated by the test script (e.g.,

threshold-test.jl) as the mean value of all or a subset of the

intensities presented at reversal trials. No further processing

of the obtained value is necessary. Depending on the used

update rule, different points on the psychometric function can

be targeted. Using the three-down/one-up rule, the intensity

at which the participant gives the correct response in 79.4%

of the trials is estimated.

Figure 3 visualizes a failed threshold estimation. In the

example, the termination criteria were set to 30 trials instead

of a sufficient number of reversals. Due to the early mistake

(trial 11), the estimation procedures resulted in a poor

threshold estimation, which can be recognized by the fact

that the staircase did not converge toward a value but kept a

monotonic decrease until the end.

https://www.jove.com
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Figure 1: Visualization of the main axes and planes. The visualized axes and planes are typically used to describe

motions related to head movements. Vestibular perceptual thresholds are most often estimated for the naso-occipital (NO),

inter-aural (IA), and head-vertical (HV) axes, and for rotations around them which are referred to as yaw, pitch, or roll

rotations. The figure was created using a freely available 3D head model17 . Please click here to view a larger version of this

figure.
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Figure 2: Visualization of a three-down/one-up staircase procedure. Intensity reversals are visualized in red. Triangles

pointing up represent trials with correct responses, and triangles pointing down represent trials with incorrect responses.

The dashed line represents the estimated threshold, which was calculated as the mean value of all eight reversal intensities.

In the beginning, the update rule follows a one-down pattern until the first reversal (trial 6). This allows for a more efficient

threshold estimation, particularly in cases where the start intensity is large compared to the unknown threshold. Please click

here to view a larger version of this figure.
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Figure 3: Visualization of a failed threshold estimation. Due to the termination criteria (30 trials) and a selected start

intensity relatively far away from the true threshold, the staircase function did not converge. A faster convergence toward the

true threshold is hindered by an early, false response (trial 11). Please click here to view a larger version of this figure.

Discussion

The presented protocol allows for a reliable and efficient

estimation of vestibular perceptual thresholds. The protocol

is suitable for threshold estimation along and around

arbitrary axes and can be applied for all relevant stimulus

frequencies (e.g., 0.1-5 Hz). Although we present data

using a standard three-down/one-up adaptive staircase

procedure, the protocol can also be used for other, more

efficient estimation procedures12 , including fixed intensity,

transformed/weighted up/down, or Bayesian (e.g., Quest18 )

approaches. An exhaustive discussion of the available

algorithms is beyond the scope of the presented manuscript,

but an excellent comparison of theory, simulations, and

actual data can be found elsewhere19 . Efficient estimation

procedures are of great relevance in the clinical context,

where the time is limited, and research on faster assessments

is currently conducted19,20 .

A promising field of research is the identification of particular

motion profiles and other clinically relevant parameters such

as balance2,21 . This line of research is important as it

provides guidance on which axes and frequencies are most

predictable for clinically relevant behavior and events, such

as the risk of falling, thereby reducing the search space in a

clinical context.

Once the equipment and software are available and work

as intended, two factors are critical for reliable threshold

estimation. First, the experimenter must ensure that the

participant understands the task and stays vigilant throughout

the entire procedure. For most stimuli (e.g., all translations),

the instructions are clear and easy to follow. However, for

pitch and roll rotations, the instruction to answer with left or

right can be ambiguous, especially when the axis of rotation

is placed at head level. In these cases, the body parts above

the rotation axes (e.g., head) rotate in the opposite direction

than the body parts below the rotation axes (e.g., feet). The

https://www.jove.com
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terms left/right can be ambiguous, and it might be helpful

to ask the participants to classify motions as clockwise or

counterclockwise. It is important to explain and practice how

the participant is expected to judge the motion stimuli. A

sufficient number of test trials is particularly important when

patients or older adults are investigated.

Second, it is important to choose a sufficient number of

trials around the threshold. We recommend an adaptive

termination criterion as the number of intensity reversals,

instead of a fixed number of trials which has been used by

others7,22 . Additionally, using a predefined number of trials

can become inefficient and bears the risk that the staircase

does not converge when the start intensity is too far away from

the threshold. In general, pilot experiments are required to

select reasonable starting intensities and termination criteria.

Staircase algorithms aim to estimate a single point on the

psychometric function23,24 . Therefore, they provide limited

information because response biases and the slope of the

psychometric function cannot be derived from the estimated

threshold. If such parameters are of interest, fixed intensities

can be used to sample over a larger interval, allowing to fit

the psychometric function. Although such a procedure is more

time-consuming, it allows for more sophisticated analyses

that can provide valuable insights14,25 . Alternatively,

adaptive slope-estimation algorithms can be used13 .

An important aspect in the estimation of vestibular perception

thresholds is the minimization of cues from other sensory

systems. To achieve this, the noise generated by the platform

is typically masked by white noise. The minimization of

proprioceptive or tactile cues is more challenging1 , and can

only partly be achieved because acceleration requires a

force acting on the body, which will inevitably induce extra-

vestibular stimulation. However, cushions are often used to

reduce tactile and proprioceptive signals. Likewise, the head

fixation is required to ensure a constant orientation of the

vestibular organs relative to the motion and to ensure that the

motion profile performed by the head is the same as the one

by the platform, without any filtering by the body that occurs

under unrestricted motion conditions26 .

At this point in time, vestibular perceptual thresholds are

predominantly used in basic research. Studies showed

that vestibular thresholds increase with age27,28 , and they

depend on direction20,28  and the frequency of motion5,29 .

More recently, perceptual thresholds were used to document

the first evidence of perceptual learning in the vestibular

domain14 .

Studies comparing patients with vestibular disorders to

healthy controls showed altered vestibular perceptual

thresholds in line with their pathology. For example,

thresholds were increased in patients with vestibular

failure29,30 ,31 ,  and a tendency to reduced thresholds or

even a hypersensitivity was shown in patients with vestibular

migraine31,32 . These studies imply the potential for clinical

applications, and a recent review4  discussed the applicability

and usefulness of vestibular perceptual thresholds in a

clinical diagnosis. One important aspect is that perceptual

thresholds add unique properties to the doctor's toolbox.

The standard procedures (HIT, VEMP, caloric irrigation)

use direct pathways from the vestibular end-organs to the

muscles of the eyes or cervix. Thereby, they do not offer the

possibility of investigating the information chain to the neo-

cortex. The estimation of vestibular perceptual thresholds, on

the other hand, includes cognitive processes allowing to test

the vestibular system from a different angle, which might be

particularly interesting in the context of persistent postural-

perceptual dizziness (PPPD). A shortcoming of the presented

https://www.jove.com
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procedure is its inability to detect directional asymmetries,

which has been reported by others33 .

Vestibular perceptual thresholds are also of interest in the

evaluation and monitoring of (therapeutic) interventions.

Many studies use the risk of falling as an endpoint in

the evaluation of treatment effectiveness. However, since

a correlation between vestibular thresholds about the roll

axis and risk of falling2  and performance during balance

tasks34  has been demonstrated, thresholds could be used as

a more reliable dependent variable, for example, to assess

the outcome35  or optimal configuration of vestibular implants.
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